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Tuberous sclerosis complex (TSC) is an inherited tumor syndrome in which 

tumor formation is associated with loss of function of the TSC1-TSC2 complex and 

activation of mammalian target of rapamycin complex 1 (mTORC1), a central regulator 

of cell growth, and proliferation. Patients develop tumors in the brain, eyes, heart, 

kidneys, lungs and skin. The skin tumors contain large fibroblast-like cells in the dermis 

and increased vessels, epidermal proliferation and infiltration of mononuclear 

phagocytes. It is known that angiogenesis and lymphangiogenesis are important in tumor 

growth and spread in cancer, but the roles of angiogenesis and lymphangiogenesis in the 

pathogenesis of TSC tumors, and the mechanisms underlying vessel formation, are not 

well understood. In a novel xenograft model of TSC skin tumors, tumor xenografts 

showed greater mTORC1 activity, angiogenesis, lymphangiogenesis, mononuclear 

phagocytes and epidermal proliferation than normal xenografts. The observation that 

tumor xenografts recapitulated characteristics of TSC skin tumors suggested that they 

would be useful for studying responses to treatment and identifying mechanisms of 

angiogenesis and lymphangiogenesis in TSC skin tumors.  
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To investigate the cellular targets of rapamycin, a specific inhibitor of mTORC1, 

we treated xenografted mice with rapamycin for 15 weeks. Rapamycin decreased blood 

vessel density and size in tumor xenografts, and it almost completely abrogated 

lymphatic vessel formation in tumor or normal grafts. These results suggest that 

rapamycin exerts strong anti-angiogenic and anti-lymphangiogenic effects in the 

xenografts. 

 Angiogenesis and lymphangiogenesis are stimulated by hypoxia, via increased 

levels of hypoxia inducible factor (HIF-1α), and increased production of soluble factors, 

such as VEGF-A, HGF and VEGF-C.  The factors responsible for angiogenesis and 

lymphangiogenesis in TSC were unknown. We found that TSC tumor cells showed 

increased expression of HIF-1α, and maintained mTORC1 activation for at least 24 hours 

of hypoxia. TSC tumor cells also secreted more HGF and VEGF-C than dermal 

fibroblasts from the same patient. Rapamycin treatment did not affect the production of 

HGF and VEGF-C. These data indicate that TSC2-null tumor cells induce angiogenesis 

and lymphangiogenesis and that rapamycin inhibits these processes in TSC skin tumors. 
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Chapter 1: Introduction 

Overview 

	  	  	  	  	  	  	  	  Angiogenesis and lymphangiogenesis, the formation of blood or lymphatic vessels 

from preexisting vessels, are two related processes involved in normal growth and 

development. Sustained activation of either of these processes is associated with multiple 

diseases, particularly cancer. Tumor cells produce factors that stimulate growth of blood 

and lymphatic vessels. New blood vessels formed in the tumor and its surroundings 

supply the tumor with nutrients and oxygen for its survival and growth. Lymphatic 

vessels provide avenues for spread of tumor cells to regional lymph nodes and ultimately 

to different parts of the body. Therefore angiogenesis and lymphangiogenesis are integral 

parts of tumor growth and metastasis that lead to patient suffering and death.  

        Tuberous sclerosis complex (TSC) is an inherited tumor syndrome that results in the 

formation of tumors that are highly angiogenic and lymphangiogenic. Little is known 

about the cellular and molecular mechanisms responsible for angiogenesis and 

lymphangiogenesis in TSC. Identifying these mechanisms is expected to provide insights 

into growth of these tumors, and lead to new therapies.  

        TSC patients develop benign tumors in multiple organs such as brain, kidney, heart, 

lung and skin. It is caused by mutations in one of the two genes, TSC1 or TSC2, which 

activate a signaling pathway through mammalian target of rapamycin (mTOR), 

stimulating cell growth, proliferation and survival. Our laboratory studies the highly 

vascular TSC skin tumors that are observed in a majority of TSC patients. They are a 

major concern to patients because they are disfiguring, prone to bleed and can be painful. 
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TSC skin tumors are treated using surgical approaches, exposing the patient to the risk of 

anesthesia, pain during the post-operative period, and leaving permanent scars.	  

        The recent discovery that TSC tumors exhibit mTOR activation led to clinical trials 

using mTOR inhibitors such as rapamycin. Rapamycin appeared to be a promising drug, 

since it was already approved by the Food and Drug Administration for other indications, 

and it has been used to treat a variety of cancers with increased mTOR activation. 

Clinical trials with rapamycin and its analogs in patients with TSC showed partial 

regression of several types of tumors. Tumors regrew when the drug was discontinued. 

Therefore, the use of mTOR inhibitors to treat TSC tumors represents a major 

breakthrough in the medical treatment of TSC, and yet it is inadequate to eradicate the 

tumors. In order to improve treatment, it is necessary to understand the in vivo responses 

of tumor cells, as well as its effects on angiogenesis and lymphangiogenesis. 

        An obstacle to studying TSC skin tumors is the fact that animal models of TSC do 

not develop the characteristic skin lesions. Therefore, our laboratory sought to develop a 

xenograft model for TSC skin tumors. Human cells were cultured from skin tumor 

biopsies obtained from TSC patients and grafted to mice. This model was used to study 

the mechanisms of TSC skin tumor development, the roles of angiogenesis and 

lymphangiogenesis in these lesions, and to test the efficacy of potential drugs like 

rapamycin.  

        The overall objectives of this thesis are a) to study angiogenesis and 

lymphangiogenesis in TSC skin tumors and to test the effect of rapamycin on these 

processes b) to identify factors released by skin tumor cells that induce angiogenesis and 

lymphangiogenesis, and c) to determine how these factors regulate these processes. These 
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studies will impact the understanding of angiogenesis and lymphangiogenesis in TSC 

tumors and other tumors with mTOR activation. They have the potential to identify new 

therapeutic targets for TSC and possibly other cancers. 
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Tuberous Sclerosis Complex 

        Désiré-Magloire Bourneville (1840-1909) coined the term “tuberous sclerosis of the 

cerebral convolutions” for the white nodular tumors embedded in the corpus striatum of a 

patient with seizures and mental subnormality1. The term “tuberous sclerosis complex 

(TSC)” refers to all the lesions found in multiple organs that are associated with this 

disease. These TSC tumors are characterized by three types of lesions as proposed by 

Moolten, including “hamartias” wherein the basic lesions do not grow more rapidly than 

normal cells, “hamartomas” where the lesions grow into benign tumors and 

“hamartoblastomas,” which are malignant tumors that are derived from the hamartomas2.  

        TSC is an autosomal dominant disorder that can affect nearly any organ and is 

characterized by widespread development of usually benign tumors, which rarely develop 

into malignant tumors. Typical organs of involvement include brain, kidney, heart, skin, 

eye and lung3. The incidence of TSC is about 1 in 6000 to 10,000 individuals4, 5.  

        TSC manifests at different developmental stages during the life of the patient, has no 

known effect on age of the parents or birth order on severity of the disease and the 

clinical features are variable. Seizures are observed in 80-90% of affected individuals, 

beginning in early childhood or less commonly at any point in an individual’s life and are 

attributed to the presence of brain hamartomas. The nervous system is affected by cortical 

tubers, subependymal nodules, subependymal giant cell astrocytomas (SEGAs) and 

retinal hamartomas6, 7. A majority of patients experience mild to severe learning and 

intellectual disabilities, epilepsy, autism spectrum disorders, anxiety and mood disorders. 

This significantly impairs the life of the individual with TSC and also their families.  
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        About 80% of TSC patients develop renal angiomyolipomas (AMLs) and renal 

cysts, usually in adolescence. The AMLs have abnormal blood vessels that can bleed 

spontaneously8. Rarely patients develop large renal cysts and renal cell carcinoma.  

        Pulmonary lymphangiomyomatosis (LAM) in patients with TSC occurs almost 

exclusively in adult women. LAM is characterized by proliferation of alveolar smooth 

muscle cells, which results in airway obstruction that can lead to respiratory failure and 

death9.  

        About 90% of patients with TSC develop skin lesions10 making skin and brain the 

two most commonly affected organ systems. The skin lesions include hypomelanotic 

macules and several types of benign skin tumors that can be disfiguring, painful, or bleed 

spontaneously. Skin lesions are discussed in more detail at the end of the introduction.  

        Heart rhabdomyomas can be detected as early as infancy but these tumors regress 

during the first years of life11. Rhabdomyomas are rarely a cause of intrauterine or 

neonatal death. The highest source of morbidity and mortality are due to brain and renal 

lesions12 

        Making a diagnosis of TSC is challenging when the child is young, especially below 

2 years, as many of the diagnostic features become apparent only later in childhood or 

adulthood. Criteria for diagnosis were published in 1998; the features were divided into 

major and minor categories. A definitive TS diagnosis is established when a patient 

presents with two of the major criteria or one major and two minor criteria13. Major 

criteria for TSC include dermatological and neurological manifestations, renal 

angiomyolipomas, pulmonary lymphangiomyomatosis and cardiac rhabdomyomas. Early 
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detection of TSC is vital as prompt evaluation and treatment may prevent serious clinical 

consequences.  

TSC molecular genetics 

        TSC is inherited in an autosomal dominant manner. The disease is highly penetrant 

and disease severity is variable between affected individuals. About two-thirds of patients 

with TSC sustain sporadic mutations and have no family history of the disease. Linkage 

studies in TSC families found that TSC is caused by loss-of-function mutations in one of 

two tumor suppressor genes, TSC1 located on human chromosome 9q34 or TSC2 located 

on chromosome 16p1314, 15. Human TSC1 gene consists of 21 coding exons and encodes 

a 130kDa protein named hamartin or TSC1 that is evolutionarily conserved. “It has a 

potential transmembrane domain, a coiled coil domain and functional domains which 

include tuberin-binding, Rho-activating, ERM-binding and neurofilament interacting 

domains”16 (Figure 1A). The human TSC2 gene consists of 42 exons and encodes for a 

200kDa protein, tuberin or TSC2, a ubiquitously expressed protein that is immediately 

adjacent to the polycystic kidney disease (PKD1) gene. TSC2 has a leucine zipper 

domain, two coiled-coil domains, a transcriptional activating domain, GAP homology 

domain and calmodulin binding domain. It also possesses various potential 

phosphorylation sites16 (Figure 1B).  
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Figure 1. Schematic representation of the structural-functional domains of 
hamartin (A) and tuberin (B). Reprinted from Cellular Signalling, 15(8), Vera P. 
Krymskaya , 729-39, Copyright (2003), with permission from Elsevier. 
(A) Hamartin has potential transmembrane and coiled-coil domains. Among functional 
regions are the tuberin-binding, ERM-binding, neurofilament-L-binding, and Rho-
activating domains. (B) Tuberin includes leucine zipper, two coiled-coiled, two 
transcription-activating domains (TAD), GAP homology, and calmodulin (CaM)-binding 
domains. Hamartin-binding motif is localized near the N-terminal. Multiple Akt/PKB-
dependent phosphorylation sites are indicated with arrows. Phosphorylation sites 
modulating 14-3-3 association are also indicated with arrows.  
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        About 80% of the disease causing mutations occur de novo in either TSC1 or TSC2. 

The mutation spectrum consists of missense, nonsense, frameshift, deletions/insertions 

and splice junction domains. TSC2 mutations are often missense or nonsense and TSC1 

mutations are commonly nonsense or frameshift mutations. Unlike familial cases of TSC, 

where the frequency of mutation is equal for TSC1 and TSC2, in sporadic cases TSC1 

mutations account for only about 10-15% of patients while TSC2 mutations are found in 

about 70% of TSC patients17. There is an increased frequency of germline and somatic 

mutations in TSC2 compared to TSC1. 

        The clinical features of TSC1- and TSC2-linked disease are similar, but patients 

with TSC2 mutations tend to be more severely affected than those with TSC1 mutations. 

They often have more severe cognitive impairment, and more cortical tubers, retinal 

hamartomas and angiofibromas18, 19. In about 15-20% of patients, no mutations can be 

identified20. These patients tend to have a milder clinical phenotype than in patients with 

identified TSC1 or TSC2 mutations. This mild phenotype may be explained in some cases 

by a somatic mosaicism reported in some patients with TSC1 or TSC2 mutations21 .  

        TSC tumors follow Knudson’s two-hit hypothesis where an inherited (germline) 

mutation in one allele of a tumor suppressor gene predisposes an individual for tumor 

formation and a second mutation (somatic) on the wild-type allele of the gene initiates 

tumor formation22.  The second hit is usually a deletion of the chromosomal regional 

surrounding the gene, resulting in loss-of-heterozygosity (LOH). LOH is observed 

commonly in tumors resected in TSC patients with kidney angiomyolopomas and LAM. 

LOH is observed less frequently in cardiac rhabdomyomas and SEGAs and is extremely 

rare in cortical tubers23-26. 
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Functions of TSC genes 

        The TSC proteins form a physical and functional complex that is coexpressed in 

cells of multiple organs27. The interaction is regulated by tuberin phosphorylation28 and is 

important for the stability of each protein. Studies have shown that the two proteins are 

diffusely cytoplasmic although TSC2 has been found to be localized to the Golgi 

apparatus29 and nucleus30 while TSC1 localizes to the centrosome31.  

        The normal cellular functions of TSC proteins were uncovered by genetic studies in 

the fruit fly, Drosophila melanogaster. Mutant cells with the drosophila homologues 

dTSC1 and dTSC2 showed that the mutations caused an identical phenotype characterized 

by an increase in cell and organ size, suggesting a role of TSC proteins in regulating cell 

size32. The TSC proteins are involved in controlling growth signals through the PI3K-Akt 

pathway. Biochemical and genetic experiments found that the TSC1-TSC2 heterodimer 

acts downstream of Akt and TSC2 is phosphorylated by Akt/ protein kinase B (PKB) at 

two residues, S939 and T146233-35. This phosphorylation of tuberin leads to dissociation 

of the TSC complex and is an important step for insulin and other growth factors to 

activate downstream effectors of cell growth. A key downstream component that is 

catalytically activated in response to PI3K signaling is the mammalian target of 

rapamycin (mTOR). Studies in yeast, insects and mammals have shown that the TSC 

complex acts upstream and inhibits mTOR36, 37 (Figure 2). mTOR is a serine threonine 

kinase that has central roles in controlling cell growth and proliferation through 

phosphorylation of p70S6k and 4EBP1. Phosphorylation of p70S6k leads to increased 

ribosomal biogenesis and phosphorylation of 4EBP1 inhibits the translational repressor 

and permits mRNA translation38. Loss of tuberin or hamartin as seen in TSC tumors leads 
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to activation of mTOR, resulting in phosphorylation of ribosomal S6K and 4EBP1. 

Activation of mTOR is frequently demonstrated by increased phosphorylation of a 

substrate of S6K, ribosomal protein S6. 

 

 

 

Figure 2. mTOR signaling pathway.  
The mTOR pathway integrates signals from various sources, including nutrients, growth 
factors and energy status of a cell. mTOR exists in two distinct complexes, mTORC1 and 
mTORC2. mTORC1 is rapamycin sensitive, phosphorylates ribosomal S6K and 4EBP1 
and determines cell size. mTORC2, is rapamycin insensitive, phosphorylates Akt, and 
determines cell shape by regulating the actin cytoskeleton. Insulin and growth factors 
activate mTOR through PI3K and Akt. Akt activation inhibits the TSC1/TSC2 complex, 
resulting in mTORC1 activation. TSC proteins are upstream regulators of mTOR, which 
act as a GTPase activating protein for Rheb, a positive mTOR regulator. Loss of 
TSC1/TSC2 results in constitutive activation of mTORC1, which exerts a negative 
feedback on Akt activity. On the contrary, mTORC2 activates Akt suggesting a 
regulation of the pathway through both positive and negative controls. 
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        The TSC proteins receive signals from several signaling cascades in addition to the 

PI3K pathway. An energy-sensing pathway is activated through AMP-activated protein 

kinase (AMPK), which is a primary energy sensor. Under energy-deprived conditions, 

the tumor suppressor LKB1 is activated and phosphorylates the activation loop of 

AMPK. The activated AMPK in turn phosphorylates TSC2 at sites (S1270 and S1388) 

that are distinct from those phosphorylated by Akt, enhancing the activity of the TSC 

complex39. This blocks mTOR activation and protects the cells from energy deprivation-

induced apoptosis. 

        TSC proteins are also involved in the mitogen-activated protein kinase (MAPK) 

pathway activated by oncogenic Ras or mitogens. Phosphorylation of TSC2 by the 

MAPK-activated kinase RSK1 at S1798 inactivates the complex increases mTOR 

signaling to S6K, resulting in cell growth and proliferation40. A similar abrogation of 

tumor suppressor function of TSC2 is observed when TSC2 is phosphorylated by Erk at 

S664 resulting in increased mTOR signaling and cell survival41.  

        These proteins are intertwined in a cellular signaling network but also have distinct 

functions42 that trigger different cellular responses. TSC1-knockout studies in mice 

showed similar tumor development and embryonic lethality but not identical to TSC2 

knockout mice43. TSC pathology reflects abnormalities in cell size, number, morphology 

and location, which implies a role for the TSC genes in regulating different cellular 

responses such as proliferation, growth, differentiation and migration44.  
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mTOR signaling 

        mTOR was discovered in the early 1990s45. It is a serine threonine kinase that 

regulates various physiological processes including cell growth, proliferation, motility, 

survival and protein synthesis, metabolism and cytoskeletal organization by integrating 

signals from nutrient availability, stress factors, hormonal factors and energy status. It is a 

289-kDa protein with several structurally conserved domains. The amino-terminal region 

possesses tandem HEAT repeats (Huntington, elongation factor 3, Protein phosphatase A 

and TOR). The carboxy terminal domain contains the FAT domain followed by the FRB 

domain, a kinase domain and the FATC (FAT c-terminus) domain46. TOR proteins are 

found in two functionally distinct multiprotein complexes, mTORC1 and mTORC2, that 

coexist in cells from yeast to humans47. 

mTORC1 signaling 

        mTORC1 is composed of mTOR (also known as FRAP1), Raptor (regulatory 

associated protein of mTOR) and mLST8 (lethal with SEC13 protein 8). The two well-

characterized downstream targets of mTORC1 are ribosomal S6 kinases S6K1 and 4E-

BP1 (eukaryotic translation initiation factor 4E-binding protein 1). Phosphorylation of 

S6K on Thr389 by mTORC1 can in turn initiate protein synthesis by phosphorylation and 

activation of its downstream targets, ribosomal S6 and eIF4B, promoting mRNA 

translation. 4E-BP1 can be phosphorylated at four different sites by mTORC1 (Thr37, 

Thr47, Ser65 and Thr70). 4E-BP1 binds and prevents the translation initiation factor 

eIF4E from binding to 5’-capped mRNAs and their recruitment to the ribosomal initiation 

complex. Phosphorylation of 4EBP1 triggers the release of eIF4E at the 5’-cap of 

mRNAs, initiating cap-dependent translation of translational factors and ribosomal 
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proteins48. Therefore, phosphorylation of mTORC1 downstream targets promotes cell 

growth by constitutive activation of S6K1 and ribosomal S protein phosphorylation 

which are crucial components required for cell growth and proliferation38, 49-51. 

        mTORC1 acts as a nutrient/energy/redox sensor that responds to various growth 

factors, mitogens, energy, nutrients and cellular stress and directly controls protein 

synthesis38. mTOR and raptor have a strong interaction at the N-terminus, with a weaker 

interaction at the C-terminus. The interaction between mTOR and raptor regulates the 

activity of mTORC152. Under nutrient-stimulated signaling, the mTOR-raptor interaction 

is weakened, allowing signaling to the downstream effector S6K1, maintenance of cell 

size, and mTOR protein expression. Once the nutrients are deprived or stimulatory 

signals withdrawn, the interaction between mTOR and raptor is stabilized and mTOR 

kinase activity is inhibited.  

        The TSC1-TSC2 complex has been shown to inhibit phosphorylation of both S6K 

and 4EBP1, and inactivating mutations of the TSC gene leads to activation of these 

mTORC1 targets. Studies in Drosophila identified a small G-protein Rheb (Ras homolog 

enriched in brain) that is ubiquitously expressed and promotes cell growth in a mTOR- 

and S6K- dependent manner53, 54. This GTPase acts downstream of the TSC complex and 

is a functional link between the TSC complex and mTOR39, 55. TSC2 in complex with 

TSC1 acts as a GTPase-activating protein for Rheb, increasing GDP bound on Rheb, 

thereby inactivating Rheb.  Rheb is active in its GTP-bound form and inactive in the 

GDP-bound form. Conversely, accumulation of GTP-bound Rheb results in activation of 

mTOR suggesting that the TSC complex regulates mTOR activation by suppressing 
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Rheb56. Rheb exists as two homologues namely Rheb1 or Rheb 2 (Rheb like-1) in a 

number of organisms with an overlapping function of activating mTORC1 signaling57. 

mTORC2 signaling 

        mTOR Complex 2 (mTORC2) is composed of mTOR, rictor (rapamycin-insensitive 

companion of mTOR), mLST8, and SIN1 (stress-activated protein kinase interacting 

protein 1)58. It is involved in regulating the actin cytoskeleton by phosphorylation of F-

actin stress fibers, paxillin, Rho A, Rac1, Cdc42 and PKCα. mTORC2 responds to 

growth factors, insulin, serum and nutrients but its regulation is not clear. One of the 

downstream targets of mTORC2 is the cell survival protein Akt. mTORC2 

phosphorylates Akt on ser 473 in its C-terminal hydrophobic motif59 and results in its 

activation. Loss of TSC1 or TSC2 attenuates the kinase activity of mTORC1 resulting in 

attenuated phosphorylation levels of Akt in several cell lines. Also, blocking with 

mTORC1 inhibitors did not reverse the kinase activity of mTORC2, suggesting an 

involvement of the TSC complex in mTORC2 regulation. Further studies showed that 

regulation by the TSC complex is through a direct physical association with mTORC260. 

Thus, downregulation of Akt in TSC2 deficient cells can be accounted for by mTORC1 

negative feedback and direct effects on mTORC2. 

Rapamycin as a therapeutic agent 

        Rapamycin is a drug, first investigated as an anti-fungal agent, isolated from the 

bacteria Streptomyces hygroscopicus from an Easter Island (Rapa Nui) soil sample in 

197561. The chemical structure (Figure 3) is similar to cyclosporine A and FK506 but it is 

not a calcineurin inhibitor. Rapamycin potently inhibits yeast cell growth and it has been 

shown to arrest several cell types in G1 including B and T lymphocytes. It has powerful 
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anti-microbial, anti-proliferative and immunosuppressant properties62. The oral 

bioavailability of rapamycin is 15% and a maximum blood concentration is reached after 

0.5-2.3hrs.  

 

 

Figure 3: Structure of rapamycin. Reprinted from 
www.dominiosweb.org/drugs/rapamycin	  with copyright permission. 
 

        Rapamycin binds to its intracellular cytoplasmic 12-kDa receptor FKBP12 (FK506-

binding protein 12), that is ubiquitously expressed. The rapamycin-FKBP12 complex 

then interacts with the FRB (FKBP_rapamycin binding) domain of TOR, a segment 

amino terminal to the catalytic kinase domain63-65, and inhibits TORC1 signaling. 

Rapamycin inhibits the interaction between raptor and mTOR and reduces the 

recruitment of the downstream targets of mTOR by raptor, thereby inhibiting mTOR 

without affecting its catalytic activity66. 

        In vitro studies in our laboratory showed that rapamycin treatment blocked 

mTORC1 activation in TSC2-null cells as measured by inhibition of S6K and S667 

(Figure 4a). The viability of TSC2-null cells was reduced to a greater extent than that of 

normal appearing fibroblasts (subsequently referred to as TSC normal fibroblasts) 
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obtained from the same patient (Figure 4b). Rapamycin treatment therefore results in 

reduced growth, cell cycle progression and proliferation. 

 

 

 

 
Figure 3: In vitro effects of rapamycin in TSC. Reprinted from Li et al, Nature 
Communications. 2011; 2:235 with copyright permission from Nature Publishing Group  
a) Western blot analysis of protein lysates from serum-starved cells shows that rapamycin 
blocked phosphorylation of S6K and S6 in fibroblast-like cells from a forehead plaque. b) 
Rapamycin at 0.2, 2 and 20nm inhibited proliferation of TSC2-null cells to a greater level 
than that of TSC normal fibroblasts as measured by MTT assay. 
 
 
        The interaction between mTOR and rictor is not affected by rapamycin. Acute 

exposure to rapamycin did not affect the rapamycin-insensitive complex mTORC2 or Akt 

phosphorylation as the FKBP12-rapamycin complex did not bind to mTORC259. 

However prolonged exposure to rapamycin in some cell lines inhibited mTORC2 and Akt 

phosphorylation59. 

        Rapamycin exerts anti-tumor effects in cancer cell lines in culture by promoting 

apoptosis of cancer cells68 and restricting tumor vascularization by inhibiting vascular 

proliferation69. A number of rapamycin analogs have been developed and are used 

clinically, including CCI779 (tacrolimus), RAD001 (everolimus) and AP23573 

(deforolimus). These have the same mechanism of action as rapamycin and inhibit 

mTOR by binding to FKBP1270 but differ in their pharmacokinetic profiles, 
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bioavailability and side effects. Rapamycin is also used in arterial stents to inhibit 

restenosis that occurs after coronary angioplasty71. 

        Preclinical studies with rapamycin or CCI779 in TSC rodent models show apoptosis, 

decreased proliferation with significant reductions in kidney, subcutaneous and 

pancreatic tumors72-74. In humans, rapamycin induces partial regression of renal AMLs 

and brain SEGA’s75-77. Hofbauer GF et al, demonstrated that treatment of TSC patients 

with rapamycin dramatically improved facial angiofibromas78. Rapamycin treatment was 

found to be effective in LAM patients by stabilizing lung function79.  

TSC skin tumors  

        Our laboratory focuses on TSC skin tumors because they are common and a major 

concern to patients and are also readily accessible for biopsy. Skin lesions constitute four 

major and one minor feature in TSC diagnosis80. The lesions include hypomelanotic 

macules, forehead plaques, facial angiofibromas, ungual fibromas and shagreen patches81 

(Figure 5). These lesions range from being subtle to disfiguring.  
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Figure 5. Cutaneous findings in TSC. TSC skin lesions include hypomelanotic 
macules, shagreen patch, angiofibromas, forehead plaque, and ungual fibroma. TSC skin 
tumors are frequently pink to red, a clinical indication of increased vascularity. 
 

        Hypomelanotic macules, also referred to as ash leaf spots, may appear during birth 

or early infancy and persist throughout life. They are most commonly found distributed 

on the trunk, limbs and buttocks and are diagnosed in fair-skinned individuals using the 

UV light of a Wood lamp. Hypomelanotic macules are among the most common early 

manifestations of TSC, since they are observed in 90% of children below 2 years82. One 

or two hypomelanotic macules may appear in healthy individuals as well, so there must 

be three or more hypomelanotic macules to fulfill a diagnostic criterion for TSC. The 

hypopigmentation is related to a decrease in number, size and melanization of the 

melanosomes83. A second type of hypomelanotic macules, called “confetti-like lesions”, 

are also observed in TSC patients10, 82. These are smaller spots that constitute a minor 

feature for diagnosis. 

        Shagreen patches are irregular sections of thickened bumpy skin of varying size with 

a surface appearance of an orange peel generally found on the lower back. Histologically, 
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they are connective tissue hamartomas that are composed of collagen, vessels, adipose 

tissue and cutaneous appendages84. These skin-colored, pink or brown lesions are a rarity 

in infancy, but occur in almost 50% of the patients and increases in size and number with 

age. They are sometimes mistaken for  normal skin under microscopic examination85. 

        Facial angiofibromas were inaccurately termed as “adenoma sebaceum” and first 

linked to TSC by Vogt in 1908. These were considered pathognomonic for TSC and 

affect about 75-90% of patients10, 82. Angiofibromas are small red to reddish brown spots 

with a smooth, glistening surface. They are symmetrically and bilaterally distributed in 

the central face, especially on the cheeks, nose and chin in a “butterfly” distribution. 

They can also occur on the forehead or eyelids, but typically spare the upper lip. 

Angiofibromas develop at about 3-5years of age and grow progressively into adulthood. 

Histological sections show large, stellate fibroblasts in the dermis with increased number 

of dilated capillaries. The sebaceous glands are often atrophic and collagen fibers are 

found around the follicles and vessels86, 87. Angiofibromas cause psychological distress as 

they can bleed spontaneously or under trauma and are a major cosmetic concern. The 

current treatment modalities include cryosurgery, chemical peeling, excision, curettage, 

dermabrasion and laser therapy88.  

        Forehead plaques are skin-colored, erythematous, rubbery to firm, raised plaques 

with variable size and shape seen unilaterally on the forehead but also on the scalp, 

cheeks and anywhere on the face.  They gradually develop with age and can be detected 

as early as infancy. They are seen in 20-40% of TSC patients82. They occur as single or 

multiple lesions. Histologically, they are similar to facial angiofibromas85. Surgical 

removal of the plaques is the best treatment, along with CO2 laser treatment for larger 
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plaques. Facial angiofibromas and forehead plaques are considered as one major feature 

in the TSC diagnostic criteria13. 

        Ungual fibromas, also termed Koenan’s tumors, are skin- or pink-colored fibrous 

growths that emerge in the teen years or later. They are rare in children and affect up to 

88% of TSC adults10, 82. Ungual fibromas are seen around the nail beds of fingernails or 

toenails, and are more infrequent in the toes than fingers10. Nodules arising from below 

the proximal nail fold are termed periungual and those under the nail plate as subungual 

fibromas. These fibromas disfigure the nail, tend to bleed when traumatized and are 

painful. Histologically, they resemble angiofibromas but with extensive hyperkeratosis89. 

Solitary lesions can also occur following trauma in the general population,  so the TSC 

diagnostic criteria require the presence of non-traumatic ungual fibromas13. The treatment 

options currently available are surgical excision or laser ablation88.  

        Overall, the surgical treatments of TSC skin tumors are efficient but expose the 

patient to anesthesia risks and cause permanent scarring and pigmentary changes90. There 

is also an issue of recurrence requiring frequent treatments with painful postoperative 

periods. The ideal treatment would be quick, painless, permanent, and leave no scarring. 

This treatment does not currently exist. 

Angiogenesis 

                Blood vessels supply oxygen and nutrients to tissues to maintain homeostasis 

and function. Blood vessels are formed in two processes: 1) vasculogenesis, the 

formation of primitive capillaries by differentiation of precursor cells called angioblasts 

or 2) angiogenesis, the sprouting of endothelial cells from preexisting blood vessels 

through enlargement or division. Angiogenesis is a multistep complex vital process that 
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is normally involved in growth and development, wound healing and in granulation 

tissue91. However, it also serves as a major process by which tumors transform into a 

malignant state92.  

        A number of key molecules have been identified that participate in inducing 

angiogenesis, including vascular endothelial growth factor (VEGF), platelet-derived 

growth factor (PDGF), angiopoietins, hepatocyte growth factor (HGF) and fibroblast 

growth factor (FGF). One of the well-characterized family of growth factors that are 

primary players in vasculogenesis and angiogenesis is the VEGF family93. 	  

Vascular endothelial growth factor 

        The VEGF family of proteins includes VEGF-A, -B, -C, -D and placental growth 

factor (PIGF). These ligands bind to one of the three type III tyrosine kinase receptors 

namely Flt-1/VEGFR-1, Flk-1/VEGFR-2, and Flt-4/VEGFR-3 and 2 co-receptors 

neuropilin-1and 2. VEGFR-1 binds VEGF-A and -B, VEGFR-2 binds VEGF-A, -B, -C, -

D and VEGFR-3 binds VEGF-C and VEGF-D (Figure 6). VEGF-A is a disulphide 46-

kDa dimeric glycoprotein that occurs in four different isoforms VEGF-A 121, 165, 189 

and 201by alternate splicing94. VEGF-A is produced by different cell types and binds to 

its receptors VEGFR-1 and VEGFR-2, which are expressed on endothelial cells. Binding 

causes receptor dimerization, phosphorylation of the tyrosine residues and activation of a 

signaling cascade that mediates different angiogenesis processes like endothelial cell 

proliferation, invasion, migration and survival95, 96. VEGFR-2 is thought to be the 

primary receptor for inducing angiogenesis97. VEGFR-1 also binds VEGF-B and PIGF 

and plays a more important role during embryonic angiogenesis than tumor 

angiogenesis95. 
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Figure 6. Receptor binding specificities of VEGF family members. Reprinted from 
Hicklin DJ, Ellis LM, Journal of Clinical Oncology, 23(5), 2005:1011-27 with copyright 
permission. 
VEGF receptors are shown spanning the plasma membrane. VEGFR-1, VEGFR-2, and 
VEGFR-3 are structurally homologous and consist of seven immunoglobulin homology 
domains in the extracellular region and a tyrosine kinase domain in the intracellular 
portion that is interrupted by a tyrosine kinase insert domain. A soluble form of VEGFR-
1 exists but is not shown. The extracellular domain of VEGFR-3 is proteolytically 
cleaved in the fifth immunoglobulin-like domain and the fragments remain associated by 
disulfide bonds (S-S) . Neuropilin 1 consists of a short intracellular domain and an 
extracellular domain containing two complement C1r/s homology domains, two domains 
with homology to coagulation factors V and VIII, and a single MAM domain. 
Neuropillin-2, which also binds VEGF, is not shown here. The VEGF family members 
(represented as dimers) that interact with each receptor are indicated at the top of the 
figure and are represented in the diagram as dimers bound to the receptors. The biological 
consequence of signaling through VEGFR-1 is not fully understood whereas activation of 
VEGFR-2 and VEGFR-3 signals predominately for angiogenesis and lymphangiogenesis, 
respectively. Nonetheless, it is apparent that VEGFR-2 is also present on lymphatic 
endothelium and that VEGFR-3 can be expressed on the endothelium of tumor blood 
vessels. 
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        Targeted disruption of VEGF-A or its receptors in mice caused defective vascular 

development and embryonic lethality98, 99. Overexpression studies in chick embryos led 

to hypervascularization of the limb bud100 confirming the indispensability of the VEGF-A 

system in angiogenesis. VEGF-A and its receptors are expressed at high levels in many 

tumors including renal cell carcinomas and gliomas101, 102 and correlates with poor 

survival. Nude mice injected with human tumor cell lines, including rhabdomyosarcoma, 

glioblastoma multiforme or leiomyosarcoma, showed decreased tumor growth when 

treated with an anti-human VEGF-A monoclonal antibody103 . The importance of the 

VEGFR-2 was established using dominant-negative mutant of the Flk-1/VEGF receptor, 

which inhibited glioblastoma growth in vivo104. 

Angiogenesis in TSC 

        Paraffin sections obtained from TSC patients with angiomyolipomas, SEGA brain 

neoplasms, facial angiofibroma and ungual fibromas showed strong staining for CD-31, 

demonstrating a high degree of neovascularization. These tumors tend to be highly 

angiogenic by secreting VEGF-A105. High levels of expression of angiogenic factors 

including bFGF, VEGF and angiogenin are observed in TSC–linked angiofibromas. 

Conditioned media from TSC2 null rat embryonic fibroblasts stimulated endothelial cell 

proliferation, suggesting a link between loss of TSC2 and angiogenesis106 . 
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Hypoxia 

Hypoxia inducible factor 

        Rapidly growing tumors experience regions of hypoxia. Hypoxia is associated with 

acquisition of a metastatic phenotype characterized by uncontrolled tumor growth, 

angiogenesis and resistance to therapy. One of the transcription factors activated during 

hypoxia to stimulate angiogeneis is hypoxia-inducible factor (HIF)107, a heterodimeric 

protein composed of HIF-1α and HIF-1β subunits. These two subunits are members of 

the basic helix–loop–helix (bHLH) and PER-ARNT-SIM (PAS) domain family of 

transcription factors that bind DNA. The N-terminal region has bHLH and two PAS 

domains that mediate protein-protein interactions. The c-terminal of HIF-1α contains two 

transactivation domains (N-TAD and C-TAD) that mediate interaction with coactivators 

CBP (CREB binding proteins) and p300. The N-TAD domain contains an oxygen-

dependent degradation domain (ODD) and C-TAD whose transcriptional activity is 

repressed by the inhibitory domain (ID) in normoxia108 (Figure 7). 

        HIF-1β is constitutively expressed while the α subunit is regulated by cellular 

oxygen levels. Under normal cellular conditions, HIF-1α undergoes post translational 

enzymatic hydroxylation at two prolyl residues by prolyl and asparaginyl hydroxylases. 

This mediates interaction with von Hippel-Lindau tumor suppressor E3 ligase that rapidly 

ubiquitinates it thereby subjecting it to proteasomal degradation. Under limited oxygen 

availability, the hydroxylases that utilize oxygen as substrate are inhibited. The α subunit 

is stabilized and forms an active complex with the β subunit109. The HIF-1 complex then 

translocates to the nucleus and stimulates transcription of its target genes by binding to 

the hypoxia response elements (HRE) in the promoter of the respective genes that contain 
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the sequence 5' ACGTGC 3'. Under hypoxic conditions, HIF-α accumulates instantly but 

has a very short half life. When cultured cells are subjected to cellular oxygen, HIF is 

degraded rapidly (<5mins)110 . 

        HIF-1α is a master regulator of gene expression that triggers expression of genes to 

promote cellular adaptation to reduced oxygen levels. The genes that are upregulated are 

involved in increasing glucose uptake and glycolysis (GLUT1, lactate dehydrogenase A), 

increasing oxygen transport to hypoxic tissues by promoting red blood cell maturation 

(e.g., Epo, transferrin) or inducing angiogenesis/vasomotor control (including VEGF, 

endothelin-1), and promoting cell proliferation and survival (insulin-like growth factor 

[IGF] 2 and IGF-binding proteins 1, 2, and 3)111. HIF is also essential during embryonic 

development as deficiency of either subunit has been associated with defective blood 

vasculature, resulting in embryonic lethality112, 113 .  
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Figure 7. Hypoxic regulation of the hypoxia-inducible factor-1α (HIF-1α). Reprinted 
from Hitchon and El-Gabalawy, Arthritis Research and Therapy, 2004;6(6):265-78 with 
copyright permission from BioMed Central. 
Levels of HIF-1α are regulated primarily through inhibition of degradation. Under 
normoxic conditions, HIF-1α undergoes rapid proteosomal degradation once it forms a 
complex with von Hippel–Landau tumor suppressor factor (VHL) and E3 ligase complex. 
This requires the hydroxylation of critical proline residues by a family of HIF-1α-specific 
prolyl hydroxylases (PHD-1,2,3), which requires O2 and several cofactors, including iron. 
Under hypoxic conditions, or when iron is chelated or competitively inhibited, proline 
hydroxylation does not occur, thus stabilizing HIF-1α and allowing it to interact with the 
constitutively expressed HIF-1β. The HIF-1 complex then translocates to the nucleus and 
activates genes with hypoxia-responsive elements in their promoters. bHLH, basic helix-
loop-helix; CBP, cAMP response element binding protein; FIH, factor inhibiting HIF-1α; 
PAS, PER-ARNT-SIM; TAD, transactivation domain.  
 

Role of hypoxia in angiogenesis 

        In addition to its role in maintaining homeostasis during hypoxia, HIF-1α is also 

associated with diseases including ischemic cardiovascular disease114 and cancer115, 116. 

HIF-1α is one of the main regulators of tumor angiogenesis and progression. HIF-1α 

upregulates expression of the angiogenic genes namely VEGF-A, angiopoietins, FGF, 
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matrix metalloproteinases, and plasminogen activator receptors that are shown to 

facilitate cell migration or endothelial tube formation in cells cultured under hypoxic 

conditions117, 118. VEGF-A is one of the main angiogenic factors upregulated by HIF-

1α119, 120. 

        HIF-1α levels are highly elevated in a number of cancers, including breast, lung, 

colon, glioblastoma and its expression correlates with tumor progression and aggressive 

behaviour116, 121. Homozygous deletion of HIF-1α in mice showed a marked regression of 

vessels within the cephalic mesenchyme and embryonic lethality at E9.25122. Mouse 

hepatoma cells that are functionally defective for HIF-1β injected subcutaneously formed 

tumors. The tumors showed a drastic reduction in vascularization and the tumors grow 

slowly. The mutant cells also showed almost a complete loss of expression of VEGF-

A123. 

Lymphangiogenesis 
 
Lymphatic vascular system 

        The lymphatic vascular system was first described by the Italian Gaspero Aselli in 

1627. There are two theories proposed for the mechanism leading to formation of 

lymphatic vasculature namely 1) sprouting from pre-existing blood capillaries or veins124 

and 2) de novo differentiation of blood or lymphatic endothelium from angioblasts or 

lymphangioblasts in the mesenchyme and connections with veins forming later during 

development125. The lymphatic system is composed of a hierarchical network of thin-

walled, low-pressure open-ended vessels that are unidirectional including peripheral 

capillaries, collecting vessels, lymph nodes, larger trunks and the thoracic duct126.  

Lymphatic vessels generally accompany blood vessels but are not always parallel to the 
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blood supply. They are found in the skin and other tissues except the central nervous 

system, bone marrow and avascular structures including epidermis, hair, nails, cartilage 

and cornea. The lymphatic endothelium is distinct functionally and structurally from the 

blood vessel counterparts126. It has fewer tight junctions and lacks a continuous basement 

membrane, associated pericytes and smooth muscle cells127, 128. They have wider lumens 

that are irregularly shaped and so appear collapsed in tissue sections. The lymphatic 

endothelial cells (LEC) are seen overlapping the peripheral capillary walls and are 

anchored to the extracellular matrix by elastic fibers (anchoring filaments) and 

collagen129. These filaments facilitate uptake of soluble tissue components during 

increased interstitial fluid pressure by widening the capillary lumens and opening cell 

junctions. In contrast, the collecting lymphatic vessels possess valves that prevent lymph 

backflow and allow propulsion of lymph through the vessels and are surrounded by 

sparse smooth muscle cells. These collecting vessels pass through the lymph nodes that 

function as filters and reservoirs where the T and B lymphocytes are activated. A rather 

quiescent system under physiological conditions is important for normal maintenance of 

fluid balance in tissues. It acts as a conduit for return of interstitial protein-rich fluids and 

macromolecules into the blood stream as well as clearance of the excess fluids, thereby 

maintaining tissue homeostasis. It directs antigen presenting cells and other immune cells 

from the peripheral tissues to the draining lymph nodes130. The foreign particles are then 

taken up by these antigen-presenting cells, which then initiate specific immune responses. 

In the intestine, lacteal lymphatic vessels are present in the intestinal villi. These aid in 

the absorption of dietary fats from the gut. Impairment in the lymphatic functions leads to 
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a number of disease processes such as cancer metastasis, lymphedema and various 

inflammatory disorders131.  

Embryology of the lymphatic system 

        Though the lymphatic vascular system was discovered in the seventeenth century, 

major advances have been made only in the last ten years with the identification of the 

growth factors and molecular markers specific for the lymphatic vessels. The most 

common markers identified are Prox1, LYVE-1, podoplanin and VEGFR-3. The 

development of the lymphatic vessels starts once the blood vascular system is 

established. The developments starts about embryonic weeks 6-7 in humans and days 9.5-

10.5 in mice when a subset of venous endothelial cells get committed to lymphatic 

endothelial lineage and starts sprouting from the major veins in jugular and 

perimesonephric area to form the primordial lymphatic vascular structures called the 

lymph sacs132. The peripheral lymphatic system then develops by sprouting of lymphatic 

vessels from the lymph sacs and merging of the separate lymphatic capillary networks, 

followed by remodeling and maturation. 

         One of the earliest events in the development of the lymphatic system is the 

expression of the homeobox transcription factor Prox1(prospero-related homeobox1) on 

the endothelial cells at E9.5 in the jugular vein after which these cells migrate in a 

polarized manner to form the lymph sacs133. Prox1-/- knockout embryos do not develop a 

lymphatic vascular system and die at embryonic day 11.5. Prox-/- deficient endothelial 

cells initially bud and sprout from the cardinal vein in an unpolarized manner but do not 

migrate and fail to express any lymphatic markers. They instead appear to have a blood 

vascular endothelial phenotype. Over-expression of Prox1 upregulates lymphatic-
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endothelial cell specific genes and suppresses expression of blood vascular specific 

genes134, 135. Therefore, Prox1 acts as a master switch for commitment of vascular 

progenitor cells to lymphatic endothelial cell. 

        Polarized expression of Prox-1 results in upregulation of lymphatic-specific genes 

such as vascular endothelial growth factor receptor 3 (VEGFR-3) and LYVE-1136. 

LYVE-1 is cell surface lymphatic vessel hyaluronan receptor-1 that is expressed on 

venous endothelium from E9 in mice. This receptor is highly specific for hyaluronic acid 

in epithelial, mesenchymal and lymphoid cells and functions in transport of hyaluronan 

from tissue to the lymph137. Hyaluronan plays an important role in maintaining tissue 

integrity and facilitates cell migration during wound healing, embryogenesis and 

inflammation. LYVE-1 is a first marker of lymphatic endothelial commitment expressed 

in subset of endothelial cells in the central veins. Its expression is almost simultaneous 

with Prox1 but remains highly expressed in the lymphatic capillaries and its expression is 

reduced in the collecting vessels. The expression levels of LYVE-1 are unpredictable and 

knockdown experiments in mice showed that LYVE-1-/- had a normal phenotype, with 

no changes in lymphatic structure and function, suggesting a dispensable role in 

lymphatic development138. 

        Podoplanin is an integral mucin-type plasma membrane glycoprotein highly 

expressed in podocytes, keratinocytes, cells of choroid plexus, alveolar lung cells and in 

the endothelium of lymphatic capillaries but not in the blood endothelium139. Mice 

deficient in podoplanin die at birth due to respiratory failure and have lymphedema, and 

defects in lymphatic vessel patterning but not in blood vessel pattern formation140. In 

vitro studies have indicated the involvement of podoplanin in promoting cell adhesion, 
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and cell motility by promoting rearrangement of the actin cytoskeleton and tube 

formation. Podoplanin serves as a key player in regulating multiple aspects of lymphatic 

vessel formation. 

        Vascular endothelial growth factor receptor 3 (VEGFR-3) is one of the major 

regulators in LECs. It is activated by its ligands VEGF-C and VEGF-D. The receptor is 

expressed in all the endothelial cells at a very early stage as VEGFR-3 deletion causes 

embryonic death at E9.5 and mice show defects in vessel remodeling before the 

emergence of the lymphatic vessels141. However, once the endothelial cells are 

committed to the lymphatic origin, VEGFR-3 is expressed in the angioblasts of head 

mesenchyme and the cardinal vein and in the later stages becomes restricted to the 

LEC142 as well as activated macrophages and dendritic cells143 . Makinen et al were able 

to isolate and culture stable lineages of blood and lymphatic endothelial cells from 

primary human dermal microvascular endothelium using antibodies against VEGFR-3144. 

Further studies with VEGF-C and its mutant form VEGF 156S, which  specifically binds 

VEGFR-3 but not VEGFR-2, showed that signaling via VEGFR-3 is sufficient and 

essential for cell migration, growth and survival of the LECs. Also, inhibition of VEGFR-

3 signaling results in apoptosis of LEC and regression of pre-existing lymphatic vessels 

during embryogenesis. Transgenic mice created by overexpressing a soluble form of the 

VGEFR-3 extracellular domain or VEGF-D in the epidermal keratinocytes as a transgene 

under the control of a keratin 14 promoter showed selective hyperplasia of the lymphatics 

but not the blood vasculature in the transgenic skin144, 145. Stimulation of VEGFR-3 

signaling pathway seems to be the primary receptor to induce lymphangiogensis in vivo.  
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        A more extensive range of lymphatic markers related to different stages of 

lymphatic endothelial cell (LEC) differentiation and function are currently known. 

However, all the markers are not expressed by the lymphatic vessels. Some are not 

essential for lymphatic development, like the LYVE-1, while many others are 

indispensable for embryonic development of lymphatic vasculature.  

Lymphangiogenesis 

        Lymphangiogenesis is the process of formation of lymphatic vessels from pre-

existing vessels. Tube-like structures are formed by association of endothelial cells that 

proliferate and migrate towards a stimulus. The stimulation of lymphatic vessel growth is 

a complex process that is triggered by overproduction of lymphangiogenic factors and 

downregulation of lymphangiogenic inhibitors. The factors are either secreted by the 

tumor cells, stromal cells or inflammatory cells. A number of factors have been identified 

as stimulators of lymphangiogenesis in vitro and in vivo namely members of the VEGF 

namely VEGF-C, VEGF-D and VEGF, HGF, PDGF, FGF and insulin-like growth factor 

(IGF) families. 

Vascular endothelial growth factors 

        VEGF-C and VEGF-D are the most potent lymphatic factors that bind to the 

VEGFR-3 and induce lymphangiogenesis by stimulating proliferation, migration and 

survival of LECs144, 145. VEGF-C and -D are structurally different from VEGF-A because 

of the amino and C-terminal COOH extensions but retain the central conserved VEGF 

homology domain (VHD) and are alternatively spliced in both human and mouse146 . 

They are secreted as full-length proteins with amino and carboxy terminal regions 

flanking the VHD147. They then undergo proteolytic cleavage from the VHD by plasmin 
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and other proteases after secretion148. This generates mature VEGF-C and –D that bind 

the receptors VEGFR-2 and VEGFR-3 with higher affinity than the full-length form and 

can induce angiogenesis under certain conditions in addition to lymphangiogenesis149. 

VEGF-C-/- mice commit to the lymphatic lineage but do not sprout into lymphatic 

vessels resulting in prenatal death. VEGF-C heterozygous mice show severe lymphatic 

hypoplasia. Further, vegf-c deletion in Xenopus tadpoles and zebrafish results in initial 

differentiation in the embryonic veins but without migration to form the lymph sacs150, 

151. This highlights the importance of VEGF-C for sprouting of the first lymphatic vessels 

from embryonic veins. However mutant mice deficient for VEGF-D were healthy and 

fertile with no visible lymphatic abnormalities. They just had reduced levels of 

lymphatics in the bronchioles, suggesting a dispensable role for VEGF-D during 

embryogenesis152. Overexpression of VEGF-C in MBA-MD-435 breast cancer cells 

implanted in nude mice resulted in tumors with enlarged lymphatics and also facilitated 

metastasis of the tumors to regional lymph nodes and lung153. A similar phenotype with 

increased lymphangiogenesis and metastasis was observed in VEGF-D overexpressing 

epithelioid tumors154. 

        VEGF-A, a strong angiogenic factor is also known to induce lymphangiogenesis. 

Overexpression of VEGF-A in immunodeficient mice, resulted in formation of abnormal 

giant lymphatics with incompetent valves155  but very little sprouting. Satoshi et al 

showed that mice overexpressing VEGF-A under carcinogenic induction upregulated 

proliferation of VEGFR-2 expressing tumor associated lymphatic vessels156.  
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Hepatocyte growth factor 

        Hepatocyte growth factor (HGF), also known as scatter factor, was first discovered 

as a mitogen of rat hepatocytes157, 158. It is a heparin-binding and dermatan sulfate-

binding pleiotropic glycoprotein secreted by various cells of the mesenchymal origin. It is 

primarily involved in morphogenesis of epithelial tissues and the development of 

different organ structures159. The cellular targets of this multipotent cytokine include 

hepatocytes and other epithelial cells, melanocytes, endothelial and haematopoietic 

cells160. It is synthesized as a single inactive pro-HGF and requires proteolytic cleavage 

by extracellular serine proteases such as urokinase plasminogen activator and tissue-type 

plasminogen activator to form the mature HGF161, 162. In 1991, c-Met was identified to be 

the tyrosine kinase receptor for HGF by Bottaro et al163. HGF binding to the proto-

oncogenic c-Met receptor induces receptor dimerization, and transphosphorylation of the 

c-terminal tyrosine residues, generating a multidocking site, which activates a tyrosine 

kinase signaling cascade that regulates mitogenic, morphogenic and motogenic activities 

in a wide variety of cells164. Some of the cellular responses elicited by HGF and c-Met 

binding include proliferation of hepatocytes, renal tubule cells and endothelial cells. HGF 

has been identified as a potential angiogenic factor by affecting endothelial cell motility, 

proliferation, protease production, invasion, and organization into capillary-like tubes, 

regulating cell adhesion between cells and matrix and potential morphogenesis. HGF has 

been shown to stimulate angiogenesis by inducing the expression of VEGF, a key 

angiogenic factor165. Recent studies explore the involvement of HGF in lymphatic 

vasculature. Clinical studies have also shown a correlation between HGF and/or its 

receptor and nodal spread and lymphatic invasion in cancer166-168. In vitro studies have 
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demonstrated that HGF directly promotes proliferation, migration and tube formation of 

lymphatic endothelial cells as well. Kentaro Kajiya et al showed that HGF receptor levels 

are significantly higher in LECs than blood vascular endotheial cells (BVECs).169. In vivo 

HGF stimulates lymphatic vessel formation when overexpressed in transgenic mice and 

that blockade of the c-Met receptor impairs lymphatic vessel function. In a chronic skin 

inflammation mouse model, activated lymphatic endothelium showed strong expression 

of HGF-receptor c-Met but quiescent lymphatic vessels of the normal skin did not170. 

HGF and c-Met collectively contribute to promoting lymphangiogenesis and could be 

potential therapeutic targets for blockade of lymphatic cancer spread.  

Other important lymphangiogenic factors 

        Some of the soluble factors identified to induce lymphangiogenesis include FGF2, 

PDGF and IGF. FGF2 is an angiogenic molecule that stimulates angiogenesis in vitro and 

in vivo171. Recent in vitro studies have shown involvement of FGF2 in 

lymphangiogenesis. It promotes proliferation, migration and tube formation of LECs172 

.The platelet derived growth factors (PDGFs) are a family of growth factors that play a 

significant role in angiogenesis173. Its members, PDGF-AA and PDGF-BB, can also 

stimulate lymphangiogenesis. They are highly expressed in human tumors that have 

higher incidence of metastasis174, 175. The insulin growth factor family consists of two 

ligands IGF-1 and IGF-2. Its two transmembrane receptors IGF-1R and IGF-2R have 

been shown to be expressed on endothelial cells both blood and lymphatic 

endothelium176. The two ligands are highly angiogenic and IGF-1 can also upregulate 

VEGF expression177, 178. Studies by Meit Bjorndahl et al show that IGF-1 and 2 also 

induce lymphangiogenesis179.  
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Lymphangiogenesis in TSC associated tumors 
 
        The existence of lymphangiogenesis in TSC tumors was first reported in 

lymphangioleiomyomatosis (LAM). Proliferation of “LAM” cells causes obstruction of 

airways leading to development of cystic lesions and fluid-filled cysts in the lymphatics. 

This is followed by a progressive decline in pulmonary function which can lead to 

respiratory failure necessitating oxygen supplementation, and may result in lung 

transplantation or death180. LAM can arise spontaneously or in association with TSC. 

LOH in TSC2 has been detected in women with sporadic LAM26, suggesting a role for 

TSC2 mutations in LAM pathogenesis. Immunohistochemical staining for VEGFR3 and 

VEGF-C is observed in both pulmonary and extrapulmonary lesions with a significant 

correlation between VEGF-C expression and severity of the disease181. Also, serum 

VEGF-D levels are increased in woman with sporadic LAM, suggesting dissemination of 

LAM cells may occur through lymphangiogenesis182-184.   
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Chapter 2: Experimental Methods 

Tumor sample and cell culture 

        Samples of angiofibromas/fibrous plaques, periungual fibromas, and normal-

appearing skin were obtained from adult TSC patients enrolled in an Institutional Review 

Board–approved protocol, 00-H-0051 at the National Heart, Lung, and Blood Institute, 

NIH. Written consent was obtained from all the patients. Skin samples from TSC patients 

were bisected and one portion was used for histology and the other for cell culture. To 

isolate fibroblast-like cells, the skin biopsies were placed in DMEM with 10% FBS in 

culture plates. The media were changed twice a week, until fibroblast migrated out to 

cover the dishes. The isolated fibroblasts were maintained in culture in DMEM 

supplemented with 10% FBS, penicillin (100U/ml) and streptomycin (100 µg/ml).  

        Keratinocytes were isolated from foreskins of unidentified normal neonates 

(provided by Dr Jonathan Vogel, NCI) and grown using standard methods. Briefly, 

tissues were treated overnight with Dispase (Becton Dickinson Labware) at 4 °C. 

Epidermal sheets were separated from dermal sheets and digested with 0.05% Trypsin 

0.53 mM EDTA (Invitrogen) at 37 °C for 20 min. Cells were collected and placed on 

tissue culture dishes in keratinocyte serum-free media (Invitrogen) supplemented with 

bovine pituitary extract and recombinant epidermal growth factor. 

Cytoplasm and Nuclear Fraction 

        TSC tumor and TSC normal fibroblasts were grown in 10-cm tissue culture plates 

until 70-80% confluence in DMEM supplemented with 10% FBS. The media were 

replaced with fresh media and the cells were incubated under normoxic conditions for 

24hrs or hypoxic conditions (1%O2) for 4 or 24hrs. To induce hypoxia, the cells were 
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placed in a modular chamber (Philips-Rothenburg, CA) and flushed with the hypoxic gas 

mixture (1% O2, 5% CO2 and 94% N2) for about 5 min after which the plates were kept at 

37oC and incubated for the indicated time points. Cells were lysed and the nuclear and 

cytoplasmic extracts were prepared using the NE-PER kit (Pierce) according to the 

manufacturer’s protocol. The nuclear extracts were used to detect HIF-1α protein and 

cytoplasmic extracts for phospho-S6 protein levels using Western blot. 

Western Blot Analysis.  

        Cells from TSC patient normal skin, angiofibroma, forehead plaques and periungual 

fibroma were grown in DMEM supplemented with 10% FBS until 70-80% confluent. 

Media was changed to serum-free DMEM for cell characterization and knockdown 

studies and maintained in culture for 24 hrs. Cells were lysed in protein extraction buffer 

(20 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 20 mM NaF, 2.5 mM Na2P4O7, 

1mM β–glycerophosphate, 1mM benzamidine, 10 mM p-nitrophenyl phosphate, 1 mM 

phenylmethylsulfonyl fluoride). The protein concentration was measured using BCA 

protein assay (Pierce,Rockford,IL). Briefly, equal amounts of each protein were resolved 

by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto 

0.45um PVDF membranes (Invitrogen). The blots were probed with mouse anti-HIF-1α 

(Novus biologicals), rabbit anti-tuberin (TSC2) C-20 (Santa Cruz, Santa Cruz, CA), anti-

phospho-S6 ribosomal protein (Ser 235/236), anti-S6 ribosomal protein (Cell Signaling, 

Danvers, MA), anti-tubulin, and anti-β-actin antibodies (Sigma, St. Louis, MO), horse 

radish peroxidase-conjugated secondary antibodies (GE healthcare) and Super Signal 

Pico chemiluminescence detection kit (Pierce). Band intensity was analyzed using image 

J software (Version 1.35s, National Institutes of Health, Bethesda, MD). 
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TSC2 sequence analysis 

        DNA was isolated from TSC2-null fibroblast-like cells and sequenced for TSC2 

mutations by Athena Diagnostics. A part of exon 10 of TSC2 was amplified using 

AmpliTaq gold DNA polymerase (Applied Biosystems) and PCR primers 5′-

TGGTGTCCTATGAGATCGTCC-3′ and 5′-AAGGAGCCGTTCGATGTT-3′ (for 

G1074A). The PCR product was purified using the QIAquick Gel Extraction kit 

(QIAGEN) and sequenced using the 3130xl Genetic Analyzer (Applied Biosystems). To 

confirm DNA mutations using restricted enzyme digestion, PCR products were amplified 

using primers of 5′-TGGTGTCCTATGAGATCGTCC-3′ and 5′-AAGGAGCCGTTCG 

ATGATGTT-3′. The products were digested with BsmA1 for detecting 

G1074A, and separated by electrophoresis in 10%TBE gels. 

Loss of heterozygosity analysis 

        Genomic DNA was isolated from TSC patient cells using DNeasy Blood & Tissue 

kit (QIAGEN) and amplified by PCR with primers flanking microsatellite loci D16S291, 

D16S521 and D16S663 on chromosome 16p13185. One primer of each pair was 

fluorescently labeled with 6-FAM during synthesis (Invitrogen). PCR products were 

denatured in formamide containing GeneScan-500 (Rox) size standards and separated on 

the Genetic Analyzer 3100 (PE Biosystems) capillary electrophoresis system. 

Creation of in vitro composites for xenografts.  

        TSC2-null cells or TSC normal fibroblasts were mixed with 1 mg/ml of rat tail 

collagen type 1 (BD Biosciences, Bedford, MA) in 10% FBS/DMEM, and added to 6-

well Transwell plates (Corning Incorporated, Corning, NY) at a density of 0.5 X 106 cells 

per well. The dermal constructs were grown in 10% FBS/DMEM for 3 days and overlaid 
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with 1 X 106 keratinocytes. The dermal-epidermal composites were incubated for 2 days 

submerged in a mixture of DMEM and Ham’s F12 (3:1) (GIBCO/Invitrogen, Grand 

Island, NY) containing 0.1% FBS, after which the composites were brought to the air-

liquid interface and grown for another 2 days in DMEM and Ham’s F12 (1:1) containing 

1% FBS before grafting.  

Mouse grafting  

        Female 6-8 week old Cr:NIH(S)-nu/nu mice (FCRDC, Frederick, MD) were 

anesthetized with a mixture of O2 and isoflurane (2-4%). The grafting area on back of the 

mouse was washed with povidone and hydrogen peroxide topical solution (3%W/V). The 

graft area was carefully estimated, and skin was removed using curved scissors. 

Composites were placed on the graft bed in correct anatomical orientation, covered with 

sterile Vaseline gauze, and secured with bandages. The bandages were changed at 2 

weeks and removed after 4 weeks.  

Animal treatment 

        Mice grafted with composites containing TSC2-null cells or TSC normal fibroblasts 

were treated with rapamycin (2 mg/kg) or vehicle (0.9% NaCl, 5% Polyethylene glycol 

and 5% Tween-80) every other day by intraperitoneal injection for 12 weeks, starting 5 

weeks after grafting. All mouse experiments were conducted in accordance with relevant 

guidelines and regulations following protocol approval by the USUHS Institutional 

Animal Care and Use Committee. After treatment, grafts were harvested, one half for 

paraffin and the other half for frozen sections. Sections were stained with H&E or treated 

as described below. 
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Immunohistochemistry and quantification  

        Paraffin sections of human normal and tumor tissues or xenografts were 

deparaffinized and treated for antigen retrieval by boiling in 10 mM sodium citrate buffer 

(pH 6.0) for 20 min. The tissue specimens were stained using human D2-40 

(DakoCytomation), mouse D2-40 (Angio Bio.Co, CA), human LYVE-1 (R&D systems), 

human VEGFR3 (R&D systems), COX IV (Cell Signaling), CD-68 (DakoCytomation), 

mouse CD31(Abcam) antibodies and VECTASTAIN ABC kit with Vector® Red (Vector 

Laboratories, Burlingame, CA) according to manufacturer’s procedure. Frozen sections 

were fixed in acetone at -20oC for 10 min and then stained with Ki-67 (thermo scientific) 

and F4/80 (Abcam). The relative intensity of positive staining was measured using an 

Olympus BX40 light microscope (Olympus, Melville, NY) and the digital images were 

recorded using Openlab 4.0 software (Improvision, Lexington, MA). Measurements of 

lymphatic vessels in xenografts were performed only within the region of grafts shown to 

contain human cells. 

Fluorescence in situ hybridization 

        Four µm frozen sections were air-dried before incubating in 2X SSC buffer at 37°C 

for 20 min.  Following sequential dehydration in ethanol, sections were treated with 10 

mM HCl plus 0.006% pepsin at 37°C for 2.5 min and washed twice in PBS before 

dehydrating and air drying. Sections were denatured in 70% formamide, 2X SSC at 70°C 

for 2 min and dehydrated before hybridizing overnight with probe mixture (10.5 µl of 

hybridization buffer, and 2 µl of probe) at 37°C. The sample was washed twice at 37°C 

with 2X SSC/ 50% formamide and counterstained by applying 10 µl of DAPI (Vector 

Laboratories) on each target area. The probes used are Conc. Human Pan Centromeric 
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Paint, 1695-Cy3-02 (cat# SFP3339) and Conc. Mouse Pan Centromeric Paint-FITC, 

1697-MF-02 (cat# MF-02) (Open Biosystems). 

Y-chromosome fluorescence in situ hybridization 

        The presence of male-derived human cells in xenografts was analyzed using the 

Vysis CEP Y (DYZ1) SpectrumOrange probe (Abbot Laboratories) according to the 

manufacturer’s protocol. Briefly, 8-µm cryosections were air-dried for 20 min before 

incubating in 2× SSC at 37 °C for 20 min. Following sequential dehydration in ethanol, 

sections were treated with 10 mM HCl plus 0.006% pepsin at 37 °C for 5 min and 

washed twice in PBS before dehydrating and air-drying. Sections were denatured in 70% 

formamide, 2× SSC at 73 °C for 5 min and dehydrated before hybridizing overnight with 

probe mixture (7 µl of CEP hybridization buffer, 2 µl of water and 1 µl of probe) at       

42 °C. The sample was washed twice at 68 °C with 2× SSC, 0.1% NP-40 and 

counterstained by applying 10 µl of DAPI (Vector Laboratories) on each target area. 

Gene array analysis 

        Gene array data deposited in the Gene Expression Omnibus (GEO) database26, 

www.ncbi.nlm.nih.gov/geo (GEO accession data set GDS3281), were analyzed for levels 

of VEGF-A genes in TSC angiofibroma cells, periungual fibroma cells 

and TSC normal fibroblasts. 

SearchLight Protein Array 

        Culture supernatants were collected after 24 hr incubation from three paired human 

normal and tumor fibroblasts (periungual fibroma and forehead plaques) grown in 

DMEM supplemented with 10% FBS. A simultaneous quantitative measurement was 
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performed for the following 6 proteins: angiopoietin-2, FGF, PDGFbb, VEGF, VEGF-C 

and VEGF-D using Pierce searchlight chemiluminescent protein array analysis. 

ELISA 

        Paired human normal and tumor fibroblasts (angiofibromas, periungual fibromas 

and forehead plaques) (2x104 cells/well) were grown overnight on 96-well plates in 10% 

FBS/DMEM. Media were replaced and the cells were incubated for an additional 24 h. 

For VEGF-A experiments, media were replaced and cells were grown in DMEM with 1% 

serum for 24 hr. Cell culture supernatants were then collected and levels of VEGF-A, 

HGF and VEGF-C were measured in the supernatants using ELISA specific for human 

VEGF-A, HGF and human VEGF-C (R&D systems) according to the manufacturer’s 

protocol. Cellular lysates were prepared in protein extraction buffer as discussed above. 

Total cellular protein concentrations were quantified using the Bio-Rad DC Protein 

Assay (Bio-Rad). The paired normal and tumor fibroblasts were cultured in DMEM 

supplemented with 10%FBS until 80-90% confluent. The media were replaced and the 

cells were treated with 20 nm rapamycin (EMD chemicals, Inc.) for 24 hr after which cell 

culture supernatants were analyzed for HGF and VEGF-C using ELISA.  

RT PCR 

        Human cells (3x104 cells/plate) were grown on 10-cm plates in 10% FBS/DMEM 

until 80% confluency. Supernatants were collected and total RNA was extracted using 

RNeasy mini kit (Qiagen) and reverse transcribed using random primers and Multiscribe 

reverse transcriptase from High capacity cDNA archive kit (Applied biosystems). VEGF-

C , VEGF-D and 18s rRNA were measured by RT PCR using the TaqMan universal 

master mix and with the respective assay-on-demand primers ( Applied Biosystems) on a 
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7700 Sequence Detector System (Applied Biosystems). The values are expressed relative 

to levels in the same cells of 18S. 

ShRNA lentiviral transduction 

        To knockdown TSC2 expression in neonatal foreskin fibroblasts, we used 

commercially available lentiviral particles carrying the pGIPZ-lentiviral shRNAmir 

vector containing a hairpin sequence targeting TSC2 (Open Biosystems). The fibroblasts 

were tranduced by the lentiviral particles followed by puromycin selection (2ug/ml) 

starting 48 hrs post transduction. Cells stably expressing shRNA were pooled and 

maintained in puromycin. A pGIPZ lentivirus containing a non-silencing shRNA control 

with no homology to known mammalian genes was used as the negative control for the 

knockdown experiments. The neonatal fibroblasts transduced with TSC2 shRNA and 

control shRNA were grown until 80-90% confluent in DMEM supplemented with 10% 

FBS. The media were changed and the cells were maintained in serum free DMEM for 

24hrs. The supernatants were collected and the cells were lysed in the lysis buffer as 

described before.  

Statistics 

        Statistical analysis was performed using SPSS 16.0. Data are represented as mean ± 

SD and were analyzed with a two-tailed unpaired Student’s t-test. When more than two 

groups were compared, two-way ANOVA was applied followed by post hoc comparison 

of the means for the lymphatic studies and Tukey-Kramer multiple pairwise comparison 

for the angiogenesis section. Differences between samples were considered statistically 

significant when p < 0.05.  
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Chapter 3: Results  

TSC patients and samples   

        Samples were obtained from twenty adults with TSC, ranging from 20-53 years of 

age including nineteen women and one man. The mature age range and predominance of 

women in this patient population resulted from recruitment of patients with LAM, a 

pulmonary manifestation of TSC that occurs almost exclusively in adult women. At 

enrollment, these patients were evaluated for the presence of major and minor diagnostic 

features (Table 1). TSC was confirmed based on the presence of either at least 2 major or 

1 major and 2 minor diagnostic features. Most patients had multiple major features and 

all had at least one skin feature. The samples used for the studies include nineteen 

samples of angiofibromas or forehead plaques from the head region and 20 samples of 

normal-appearing skin, mostly from the postauricular region. Nine of ten periungual 

fibromas were from the toes (Table 2). 
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Table 1: TSC Features at the Time of Enrollment for 20 Adult Women* 

  MAJOR FEATURES Number of patients (%) 

Facial angiofibromas or forehead plaque 20 (100%) 

Nontraumatic ungual or periungual fibroma 63 (80%) 

Hypomelanotic macules (3 or more) 14 (70%) 

Shagreen patch (connective tissue nevus) 14 (70%) 

Multiple retinal nodular hamartomas 5/12 (25%)± 

Cortical tuber 18 (90%) 

Subependymal nodule 7 (35%) 

Subependymal giant cell astrocytoma 0/20 (0%)± 

Cardiac rhabdomyoma, single or multiple 0/14 (0%)± 

Lymphangioleiomyomatosis 18 (90%) 

Renal angiomyolipomas 19 (95%) 

MINOR FEATURES   

Multiple randomly distributed pits in dental enamel 17 (85%) 

Hamartomatous rectal polyps 0/11 (0%)± 

Bone cysts ND 

Cerebral white matter migration lines ND 

Gingival fibromas 12(60%) 

Non-renal hamartoma ND 

Retinal achromic patch 0/12 (0%)± 

“Confetti” skin lesions 7 (35%) 

Multiple renal cysts 4 (20%) 

 

* TSC was confirmed in patients with at least 2 major features or 1 major and 2 minor 
features.  The presence of lymphangioleiomyomatosis and renal angiomyolipomas in the 
same patient was counted as one major feature for diagnosis, since they occur together in 
sporadic lymphangioleiomyomatosis. 
± Data were unavailable for some patients (total number is the denominator) 
ND- Not Done 
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Table 2: Locations and number of skin samples obtained from patients with 
tuberous sclerosis complex. 
 
 
Lesion Location Number 

Normal-appearing skin Postauricular 14 

  Arm 2 

  Back 5 

      

Angiofibroma / Forehead 

plaque Nose 10 

  Forehead 6 

  

Other – 

neck, scalp 3 

      

Periungual fibroma Toe 9 

  Finger 1 

 

Part 1: Angiogenesis in TSC skin tumors 
 
TSC skin tumors are highly vascular with constitutive mTOR activation and are 

enriched with mononuclear phagocytes 

        Compared to normal-appearing skin from the patients (Figure 1a), TSC skin tumors, 

including angiofibromas, periungual fibromas and forehead plaques, show an altered 

histology with large fibroblast-like cells in a fibrous stroma and numerous vessels (Figure 

1b). Staining with the vessel marker CD31 showed that TSC skin tumors have greater 

number of CD31- positive endothelial cells than patient’s normal appearing skin (Figure 

1c, d). In patient normal skin, cells positive for phospho-S6, a marker of mTOR 

activation, were present mainly in the granular layer of the epidermis with almost none in 

the dermis (Figure 1e). TSC skin tumors showed strong staining for phospho-S6 in the 
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epidermis and also in the large fibroblast-like cells in the dermis (Figure 1f). Staining 

with the nuclear antigen Ki-67, a marker of cell proliferation, showed greater numbers of 

positive cells in the basal layer of the epidermis of TSC skin tumors than normal skin 

(Figure 1g, h). These tumors also have increased number of stellate cells staining positive 

for CD68, a marker for monocyte/macrophage/DC cell lineage, than did patient’s normal-

appearing skin (Figure 1i, j). Results published from the laboratory also showed more 

intense staining for smooth muscle actin in the perivascular cells of angiofibromas and 

periungual fibromas than in normal-appearing skin186. These results along with others 

studies demonstrate that TSC skin tumors are comprised of an abnormal arrangement and 

number of fibroblast-like cells, fibrous tissue and vessels85, 87. In addition, they showed 

that these tumors contain increased numbers of mononuclear phagocytes accompanied by 

increased keratinocyte proliferation and mTOR activation. As shown below, the 

neoplastic cells (2-hit cells) are fibroblast-like cells. There is no evidence for 2-hit cells in 

the epidermis, and the epidermal changes may be due to the influence of tumor cells in 

the dermis187.  
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Figure 1: Histological and immunohistological differences between TSC skin tumors 
and normal-appearing skin. Reprinted from Li et al, Nat Commun. 2011; 2:235 with 
copyright permission from Nature Publishing Group. 
a,b, H&E stained sections show increased vessels and fibrosis in fibrous plaques 
compared to normal skin from the same patient. c,d, A forehead plaque has more CD-31 
positive vessels than normal-appearing skin. e,f, Greater immunoreactivity for pS6 in the 
epidermis and dermis of tumor than normal-appearing skin, indicating increased 
mTORC1 activity as expected due to loss of TSC1/TSC2 function in these TSC tumors. 
g,h, Ki-67 reactivity shows more positive cells in the epidermis of tumor than normal 
skin. i,j, Reactivity with anti-CD68 antibodies, a marker of mononuclear phagocytes, 
reveals a greater number of positive cells in the dermis of a forehead plaque than in 
normal-appearing skin. Scale bar, 35um. Similar results were obtained in 4 fibrous 
plaques, 3 angiofibromas, and 3 periungual fibromas from 7 patients. 
Staining performed by Ji-an Wang in our laboratory. 
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Fibroblast-like cells from TSC skin tumors are null for TSC2 with constitutive  

mTOR activation. 

        Fibroblast-like cells were cultured from both normal and tumor tissue explants 

(Figure 2). These cells express vimentin and HSP47, a collagen chaperone used as a 

marker for skin fibroblasts186. Fibroblast-like cells were screened for loss of TSC2 

expression and increase in mTOR activation, as detected by hyperphosphorylation of 

ribosomal protein S6 using Western blot. Cells grown from TSC skin tumors showed 

undetectable or greatly decreased levels of TSC2. This was accompanied by greater 

phosphorylation of ribosomal protein S6 under serum starved conditions than in 

fibroblasts grown from the same patient’s normal skin (Figure 3a-c). The in vitro studies 

performed in this thesis used fibroblast-like cells with undetectable or dramatically 

reduced expression of TSC2 and hyperphosphorylation of S6. 

 

 

Figure 2. Histological appearance of normal, TSC normal and TSC tumor cells. 
Phase contrast microscopy shows that a) normal and b) TSC normal cells are spindle 
shaped while c) TSC tumor cells are spindle or polygonal in shape. 
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Figure 3. Characterization of TSC skin tumor cells. A) Western blots of TSC2, 
phosphorylated ribosomal protein S6 (pS6), total S6, and beta-actin in serum-starved 
angiofibroma (AF), periungual fibroma (PF), forehead plaque (FP), and TSC normal 
dermal fibroblasts (Nl) from different patients (Pt A, Pt B, Pt C).  Densitometric analysis 
of band intensities of B) tuberin relative to actin and C) pS6 relative to total S6 in 
Western blots of cells grown from 8 TSC tumors (2 AF, 3 PF, 3 FP) and TSC normal 
fibroblasts. *p <0.0005. 
 
 
Fibroblast-like cells from TSC skin tumors are 2-hit cells 

        The genetic alterations in fibroblast-like cells were determined by sequence analysis, 

pursuing Knudson’s two-hit hypothesis that both alleles are mutated in tumor cells. 

Sequencing of the TSC2 gene in a forehead plaque revealed a nonsense mutation in the 

TSC2 gene, G1074A in exon 10, which converted UGG encoding tryptophan to UGA, a 

codon (Figure 4a). These cells also showed loss of heterozygosity (LOH) at three 

microsatellite markers flanking the TSC2 gene (Figure 4b), rendering the cells homo- or 

hemizygous for the point mutation in exon 10. The mutation introduces a restriction 
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enzyme site for BsmA1so that only the tumor DNA gets cleaved. The patient normal 

fibroblasts did not have the mutation and so are not cleaved with BsmA1. These results 

are consistent with mosaicism for the point mutation in this patient (Figure 4c). We used 

these TSC2-null cells for further in vitro studies and also to develop the xenograft mouse 

model.  

 

 

Figure 4. Genetic analysis of TSC2-null fibroblast-like cells. Reprinted from Li et al, 
Nat Commun. 2011;2:235 with copyright permission from Nature Publishing Group.  
a) Sequencing of DNA from TSC2-null cells from a forehead plaque revealed a single-
base substitution (G1074A) in exon 10 of the TSC2 gene. b) Analysis of microsatellite 
nucleotide-repeat polymorphisms flanking TSC2 at 16p13.3. Alleles are marked with 
arrowheads for the patient’s normal fibroblasts and TSC2-null cells. c) Restriction 
enzyme analysis of a part of exon 10 of TSC2, using PCR-amplified DNA from TSC 
normal fibroblasts (normal) and TSC2-null fibroblasts from a forehead plaque (tumor). 
The mutation introduces a restriction site for BsmA1, so that the tumor DNA, but not the 
normal DNA, is cleaved. Sequencing performed by Dr.Thangapazham, PCR and 
restriction digestion by Ji-an Wang. 
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Skin equivalents grafted onto nude mice to develop a xenograft mouse model of TSC 
skin tumors  
 
        To test our hypothesis that TSC2-null cells are responsible for inducing various 

morphological changes observed in these skin tumors, we developed a xenograft mouse 

model.  The model was developed by Dr.Shaowei Li in the laboratory and I assisted him 

and other members during grafting, treatment and graft harvest. For grafting, we used an 

extensively used system of in vitro constructed dermal-epidermal composites, which 

form stratified epithelia67. Fibroblast-like cells from the forehead plaque that are TSC2-

null and TSC normal fibroblasts from the same patient were used to construct in vitro 

skin equivalents. Briefly, human neonatal foreskin keratinocytes with accompanying 

melanocytes were overlaid on a collagen matrix embedded with TSC2-null fibroblasts or 

TSC normal fibroblasts from the same patient to form the dermal-epidermal composites, 

which were grafted onto nude mice. After 17 weeks, the mice were sacrificed and the 

grafts were used for immunohistochemical analysis by paraffin embedding and frozen 

sections (Figure 5). There was no gross difference in size or appearance between the 

normal and tumor grafts. However, there were dramatic histological differences between 

normal and tumor grafts, as described below. An unexpected finding was that some grafts 

containing TSC-null cells formed hair follicles67. The induction of de novo hair follicle 

neogenesis by TSC2-null cells has significant implications for TSC tumor formation, but 

it is outside the scope of this thesis and is covered only briefly. 
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Figure 5. Xenograft model of TSC skin hamartomas. Reprinted from Li et al, Nat 
Commun. 2011;2:235 with copyright permission from Nature Publishing Group. 
 Fibroblast-like cells from skin hamartomas are overlaid with neonatal foreskin 
keratinocytes to form dermal-epidermal composites, that are grafted onto the backs of 
nude mice. 
 
 
Delineation of human and mouse cells in the xenografts 

        To confirm the presence of human cells in the grafts, we immunostained the grafts 

with pan-human HLA class I monoclonal antibody.  Immunoreactivity was observed in 

the follicles, epithelium and dermis, confirming the presence of human cells (Figure 6a). 

To distinguish between human foreskin keratinocytes and TSC2-null cells from female 

patients, we performed in situ hybridization using a probe for the human Y-chromosome. 

The probe hybridized to nuclei in the epidermis and the follicular epithelium but not to 

the nuclei of dermal cells (Figure 6b).  
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Figure 6. TSC angiofibroma (AF) cells induce human hair follicle formation in 
xenografts. Reprinted from Li et al, Nat Commun. 2011;2:235 with copyright permission 
from Nature Publishing Group.  
a) TSC2-null fibroblast-like cells from an AF and neonatal foreskin keratinocytes were 
incorporated into dermal-epidermal composites and grafted onto mice. Reactivity with 
HLA antibody demonstrated the presence of human cells in the dermis, epidermis and 
hair follicles. b) Frozen sections of grafts were hybridized with a fluorescent probe of 
human Y chromosome. Red signals in the nuclei of epidermal and follicular epithelial 
cells demonstrate derivation from neonatal foreskin, but no signals are observed in 
dermal fibroblast-like cells from a female patient. Scale bar, 65µm. Staining performed 
by Ji-an Wang. 

 

        To further distinguish human and mouse cells in grafts, we performed fluorescence 

in situ hybridization using a Cy3 pan centromeric probe for human cells and a FITC pan 

centromeric probe to detect mouse cells. At the graft margin, there was a sharp 

demarcation in the epidermis between nuclei marked with the human probe (red) and 

mouse probe (green) (Figure 7a).  In the dermis, the human probe hybridized to the nuclei 

of interstitial cells.  The mouse probe marked sparse interstitial cells and cells lining 

vascular lumens (Figure 7a). Nuclei showed either red or green signals. In tumor grafts 
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with hair follicles, the human probe (red) hybridized to nuclei of cells comprising the hair 

follicle epithelium and perifollicular mesenchyme (Figure 7a). The mouse probe (green) 

hybridized to nuclei of endothelial cells lining vessels (Figure 7a-c), with some cells in a 

perivascular location showing red signals (Figure 7c). These results indicate that TSC2-

null cells induce the formation of hair follicles that originate from human epidermal cells 

and induce vessel formation with vascular endothelial cells originating from the mouse. 

 

 

Figure 7. Double FISH analysis on xenograft samples. Double FISH analysis using 
human and mouse pan-centromeric probes on a tumor graft show A) human (red) and 
mouse (green) cells at the graft junction with the nuclei staining blue with DAPI, B) 
human cells (red) in the hair follicle suggesting a human origin, with the mouse cells 
lining the adjacent vessel (green), and C) The endothelial lining of the vessels react with 
mouse probe (green) but not with human probe (red), indicating that the vessels are 
derived from the mouse. FISH performed by Jian-Wang and imaging by Sangeetha 
Rajesh.   
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Tumor grafts recapitulate hamartoma features of human tumors including 

hyperphosphorylation of S6, increased proliferation of epidermis, recruitment of 

mononuclear phagocytes and increased angiogenesis  

        To determine the extent to which our xenograft model reproduces features of TSC 

skin tumors, we characterized the histological and immunohistochemical changes in 

fibrous plaques as a baseline for comparison. Presence of human cells was confirmed 

with an antibody to COX IV that is reactive with human but not mouse. COX-IV positive 

cells were present in the epithelium and dermis in both normal and tumor grafts (Figure 

8a), as observed with pan-human HLA.  

        Staining the grafts for blood vessels showed that the tumor grafts possessed more 

CD31- positive blood vessels than normal grafts (Figure 8a). Quantitative analysis 

showed increased vessel area, higher vessel density and larger vessels in the tumor grafts 

than the normal grafts (Figure 8c-e). 

        Grafts containing TSC2-null fibroblasts revealed greater numbers of pS6-positive 

cells in the dermis than grafts with TSC normal fibroblasts. This is consistent with high 

mTORC1 activation observed in TSC skin tumors. The epidermis of tumor grafts also 

showed greater immunoreactivity for pS6 as well as greater proliferation as identified by 

greater number of Ki-67-positive cells than the normal grafts (Figure 8a). These 

epidermal changes are consistent with human tumors. A significant difference between 

the normal and tumor grafts with respect to pS6 and Ki-67 is represented graphically 

(Figure 8f-h). These findings indicate that TSC2-null fibroblasts stimulated proliferation 

and mTORC1 activation of the overlying epidermis as both tumor and normal grafts were 

generated with the same neonatal foreskin keratinocytes.  
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        The increase in blood vasculature observed in tumor grafts was accompanied by 

increased numbers of F4/80-positive mononuclear phagocytes (Figure 8a, i). TSC2-null 

cells in the tumor grafts may directly induce angiogenesis by secreting paracrine factors 

or indirectly by recruiting pro-angiogenic mononuclear phagocytes. 

        Qualitatively similar changes were observed comparing TSC2-null cells from other 

patient fibrous plaques, angiofibromas and periungual fibroma with control grafts 

constructed from TSC normal fibroblasts. These results show that TSC2-null cells are 

sufficient to induce the hamartomatous features of TSC skin tumors. These observed 

features were consistent with human tumors further strengthening the validity of our 

xenograft model to study TSC skin tumors. This is the first novel model developed to 

study TSC skin tumors.    

Rapamycin reverses hamartoma features induced by TSC2-null cells. 

        Our in vitro studies showed that rapamycin blocked mTORC1 activation in TSC2-

null cells and decreased in vitro viability of TSC2-null cells to a greater extent than of 

TSC normal fibroblasts67. To study the effects of rapamycin in vivo, we administered 

rapamycin (2 mg/kg), or an equal volume of vehicle, by intraperitoneal injection on 

alternate days for 12 weeks, beginning 5 weeks after grafting, to nude mice grafted with 

composites containing either TSC2-null cells from a fibrous plaque or TSC normal 

fibroblasts. Mice were killed 24 h after the last injection for analysis of grafts by 

immunohistochemistry. There were no gross differences in size or appearance between 

tumor and normal grafts in mice with or without rapamycin treatment. Rapamycin 

decreased human dermal cell number in tumor xenografts as seen with the COX IV 

staining but had no significant effects on COX IV-positive human cells in normal 
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xenografts (Figure 8b). A similar pattern was observed by staining with the pan–human 

HLA class I monoclonal antibody67 with a significant decrease in human cells with 

rapamycin only in the tumor grafts. The anti-angiogenic effect of rapamycin was 

observed by the dramatic decrease in vessel density, size and total area in the tumor grafts 

(Figure 8 c-e). In vivo penetration of rapamycin was further confirmed by a significant 

reduction in pS6 immunoreactivity in the dermal and epidermal cells in both normal and 

tumor grafts (Figure 8 f, g). Rapamycin also decreased the number of Ki-67-positive 

epidermal cells, and mononuclear phagocytes in the tumor grafts (Figure 8 h, i). These 

results suggest a cytostatic effect of rapamycin on TSC2-null cells and its anti-angiogenic 

effect in the xenografted TSC skin. 
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Figure 8a. Tumor grafts replicate features of TSC skin tumors. Reprinted from Li et 
al, Nat Commun. 2011;2:235 with copyright permission from Nature Publishing Group.. 
a) Immunohistochemistry for human COX-IV, pS6, Ki-67 (proliferation), F4/80 
(phagocytes) and CD31 (vessels) in four experimental groups: NV, TSC normal 
fibroblasts with vehicle treatment; NR, TSC normal fibroblasts with rapamycin 
treatment; TV, TSC2-null cells with vehicle treatment; TR, TSC2-null cells with 
rapamycin treatment. Scale bar: 35 µm. 
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Figure 8b. Effects of rapamycin on tumor and normal xenografts Reprinted from Li 
et al, Nat Commun. 2011;2:235 with copyright permission from Nature Publishing 
Group  
b) Staining was quantified as shown in b-i. White and black bars indicate means ± s.e. for 
vehicle- and rapamycin-treated animals, respectively. (b) Density of dermal cells reactive 
with human-specific COX-IV. (c) Density of dermal cells reactive with pS6. (d) Intensity 
of staining for pS6 in the epidermis. (e) Numbers of non-follicular epidermal cells 
reactive with Ki-67 relative to epidermal length. (f) Density of dermal cells reactive with 
F4/80. (g) Density of CD-31 positive vessels. (h) Average cross-sectional area of CD-31 
positive vessels. (i) The ratio of vessel area to dermal area within grafts. Numbers of 
mice were 13 for NV, 14 for NR, 12 for TV and 15 for TR. *P < 0.05; **P < 0.01; ***P 
< 0.001.  
Experiments performed by Dr.Li, Dr.Thangapazham, Ji-an Wang and Sangeetha Rajesh. 
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TSC2-null cells show greater basal and hypoxia-stimulated levels of HIF-1α than 

TSC normal fibroblasts 

        The increased vascularity observed in TSC skin tumors prompted us to determine 

the mechanisms involved in upregulating angiogenesis. The process of angiogenesis is 

regulated by paracrine factors acting on the endothelial cells. One of the main angiogenic 

factors is VEGFA which is transcriptionally regulated by HIF-1α. We hypothesized that 

increased angiogenesis observed in TSC tumors may be due to increased expression of 

HIF-1 α. We cultured TSC2-null cells, TSC normal fibroblasts or normal human dermal 

fibroblasts under normoxic or hypoxic (1% oxygen) conditions. Under normoxic 

conditions, HIF-1α levels were greater in TSC2-null cells than TSC normal fibroblasts or 

normal human dermal fibroblasts (Figure 9). This is consistent with the expected effect of 

mTORC1 activation on HIF-1α levels in cells with loss of TSC2. HIF-1α levels increased 

in all cells after 4 hr hypoxia. After 24 hr hypoxia, HIF-1α levels had decreased in normal 

fibroblasts, while levels remained elevated in TSC normal fibroblasts and TSC2-null cells 

possibly indicating an effect due to haploinsufficiency of TSC2. Levels of phospho-S6 in 

the presence of 10% FBS were decreased by hypoxia in normal and TSC fibroblasts, but 

S6 continued to be phosphorylated in TSC2-null cells, indicating persistent mTORC1 

activation (Figure 9). These results indicate that TSC2-null cells show increased baseline 

HIF-1α levels, and prolonged elevation of HIF-1α in response to hypoxia. 
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Figure 9. HIF-1α expression in normal fibroblasts, TSC fibroblasts and TSC2-null 
tumor fibroblasts. Cells were grown to 80-90% confluence, fresh DMEM + 10% FBS 
was added, and the cells incubated under normoxic conditions for 24 hr or hypoxic 
conditions (1% O2) for 4 or 24 hr. HIF-1α levels were measured in nuclear extracts and 
phospho-S6 was measured in cytoplasmic extracts using western blot. The same relative 
changes were observed using samples from three different patients. 
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Summary 1 

• Hamartomatous features of TSC skin tumors include increased vasculature, 

increased epidermal proliferation, hyperactivation of mTORC1 and increased numbers of 

mononuclear phagocytes. 

• The neoplastic (2-hit) cells are fibroblast-like cells in the dermis that are null for 

TSC2 with hyperphosphorylation of ribosomal protein S6. 

• TSC2-null fibroblasts along with foreskin keratinocytes are used to form skin 

equivalents that are grafted onto nude mice to develop a TSC xenograft skin model. 

• The xenograft model replicates hamartomatous features of TSC skin tumors, with 

increased angiogenesis, epidermal proliferation, activation of mTORC1 and infiltration of 

mononuclear phagocytes. 

• Rapamycin treatment exerts anti-angiogenic effects in tumor grafts and decreases 

tumor cell number. 

• One of the major pathways of angiogenesis activated in these tumors is HIF-1α. 

TSC2 –null fibroblasts have high basal levels of HIF-1α with persistent increase in HIF-

1α levels with hypoxia.  
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Part 2: Lymphangiogenesis in TSC skin tumors 

TSC skin tumors show greater lymphangiogenesis than normal skin 

        To assess lymphatic involvement in TSC skin tumors, we performed 

immunohistochemical analysis using D2-40, a commercially available monoclonal 

antibody specific for lymphatic endothelial cells, on paraffin sections of TSC skin tumors 

and normal-appearing skin. Immunohistochemical analysis was performed on fifteen 

angiofibromas/fibrous plaques, six periungual fibromas and fifteen samples of normal-

appearing skin (Figure 10a). Normal-appearing skin had few vessels with narrow lumens 

(Figure 10a, left panel) while the tumors had numerous and larger vessels (Figure 10a, 

middle and right panels). Interspersed with the D2-40 stained vessels were unstained 

vessels, consistent with the specificity of the marker for lymphatic but not blood vessels. 

We grouped forehead plaque and angiofibroma data for morphometric analysis as 

forehead plaques are histologically similar to angiofibromas and are grouped together for 

the purpose of clinical analysis13. Morphometric analysis for the three lymphatic 

parameters namely vessel area, vessel density and vessel size was done using Openlab 

software. Quantitation showed a significant increase in the dermal area covered by 

lymphatic vessels in the angiofibromas/forehead plaques compared to normal-appearing 

skin (Figure 10b). Fibrous plaques and periungual fibromas also showed greater vessel 

density (Figure 10c) and average vessel size (Figure 10d) than normal-appearing skin. 

Qualitatively similar results were obtained when sections of angiofibromas (n=3), 

periungual fibromas (n=3), and patient normal skin (n=3) from 3 TSC patients were 

stained using lymphatic markers LYVE-1 or VEGFR3. 

  



66 
 

 

 

 

Figure 10. D2-40 positive vessels in TSC skin tumors and patient normal-appearing 
skin.  A) Immunohistochemistry on paired paraffin sections of patient normal skin and 
TSC skin tumors was performed using D2-40 antibody and Vectastain ABC-AP using 
Vector Red substrate. Scale bar, 35 µm.  Lymphatic endothelial cells of TSC skin tumors 
(staining red) were denser and larger than in patient normal skin. (B) Total lymphatic 
vessel area, (C) lymphatic vessel density and (D) average lymphatic vessel size in 
samples obtained from fifteen TSC patients including fifteeen facial angiofibromas or 
fibrous plaques (AF/FP), six periungual fibromas (PF) and fifteen samples of patient 
normal skin (Nl). Total vessel area (%) denotes total area of the vessels/dermal area.  
Data are expressed as mean ± SD. (*, p<0.05). 
 
 
Periungual fibromas from patients on rapamycin treatment trend towards 

decreased lymphatic vessels 

        Rapamycin, a specific inhibitor of mTOR is shown to possess anti-lymphangiogenic 

properties in addition to its anti-angiogenic effects188. Our next step was to determine the 

extent of lymphatic involvement in patients taking rapamycin. We performed 

immunohistochemical analysis using D2-40 on the paraffin sections of periungual 

fibromas from two patients on rapamycin treatment. We found modest decrease in area, 
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lymphatic vessel density and size in both patients compared to untreated periungual 

fibromas (n=6) from six TSC patients (Figure 11a-c). 

 

 
 

Figure 11. Effect of rapamycin on lymphangiogenesis in TSC skin tumors: 
Immunohistochemistry was performed using D2-40 antibody and Vectastain ABC-AP 
using Vector Red substrate on paraffin sections of six periungual fibromas from 6 TSC 
patients and 2 periungual fibromas from two patients on rapamycin treatment. Scale bar, 
35 µm. Quantitation of the lymphatic parameters, a) Total lymphatic vessel area, b) 
lymphatic vessel density and c) average lymphatic vessel. Total vessel area (%) denotes 
total area of the vessels/dermal area.  Data are expressed as mean ± SD. (*, p<0.05). 
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Lymphatics invade grafts containing human cells 

        We used the xenograft model to study lymphangiogenesis. The junction between 

human and mouse epidermis was apparent at the margins of the grafts in H&E stained 

sections. Hair follicles were present in tumor but not normal grafts (Figure 12a, d). 

Staining with an anti-human COX IV antibody confirmed the presence of human cells in 

the graft epidermis and dermis, with a clear demarcation between human and mouse cells 

at the peripheral and deep margins of the grafts (Figure 12b, e). Lymphatic endothelial 

cell marker D2-40 stained endothelial cells forming lumens within the graft as well as 

numerous cells just outside the graft margin (Figure 12c, f).   
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Figure 12. Pathological analysis of the grafted tissue.  A) H&E staining of a graft 
composed of TSC normal fibroblast and human neonatal keratinocytes showing the 
human mouse junction (arrow). B, E) Epithelial cells in the epidermis and the fibroblasts 
in the upper dermis are immunoreactive to human-specific anti-COX IV antibody (red). 
The flanking mouse epidermal cells and mouse fibroblasts in the lower dermis are not 
reactive.  D) H&E staining of a graft composed of TSC tumor fibroblasts and human 
neonatal keratinocytes showing the human mouse junction (arrow). C, F) Some vessels in 
the graft dermis are immunoreactive to D2-40.  
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Rapamycin dramatically decreases lymphangiogenesis in the normal and tumor 

grafts 

        To determine the effects of rapamycin on lymphangiogenesis in the xenograft 

model, grafted mice were treated with rapamycin for 12 weeks, beginning 5 weeks after 

grafting. Rapamycin treatment dramatically decreased vessel density, size and area in 

both normal and tumor grafts (Figure 13a-d). As mentioned before, rapamycin decreased 

human dermal cells only in tumor xenografts, suggesting that the anti-lymphangiogenic 

effects of rapamycin in normal grafts are caused by direct effects on the lymphatic 

endothelium. 
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Figure 13. Lymphatic vessels in xenografted mice treated with or without 
rapamycin. Pictures show representative immunohistochemical D2-40 staining of A) 
normal and tumor grafts obtained from rapamycin-treated and untreated mice. Scale bar, 
35 µm. Tumor xenografts had numerous and larger vessels than normal grafts, and 
rapamycin almost completely abrogated lymphatic vessel formation. B) total lymphatic 
vessel area, (C) lymphatic vessel density and (D) average lymphatic vessel size. Numbers 
of mice studied were: 13 TSC normal fibroblasts with vehicle treatment; 14 TSC normal 
fibroblasts with rapamycin treatment; 10 TSC2- null fibroblasts with vehicle treatment; 
and 14 TSC2-null fibroblasts with rapamycin treatment. Data are expressed as mean ± 
SD. (*, p<0.05 and **, p<0.0001).   
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Summary 2 

• TSC skin tumors showed greater lymphangiogenesis than normal skin. 

• Rapamycin treatment in patients tends to decrease lymphangiogenesis. 

• The TSC xenograft model recapitulates the human tumors with increased 

lymphangiogenesis in the tumor grafts. It clearly demonstrates that the TSC2 null cells 

are the inciting cells that induce lymphangiogenesis in these tumor grafts. 

• Rapamycin treatment dramatically decreased lymphangiogenesis in both normal 

and tumor grafts in the xenograft model. 

 
Part 3: a) Angiogenic and lymphangiogenic factors in TSC skin tumors 

TSC skin tumor cells secrete increased amounts of HGF and VEGF-C 

        With this exciting data about lymphangiogenesis in TSC skin tumors, our next step 

was to identify the factors secreted by these tumor cells that are responsible for inducing 

lymphangiogenesis. The expression of lymphangiogenic factors including VEGF-C, 

VEGF-D, VEGF-A, angiopoietin-2, FGF, and PDGFbb, was measured in culture 

supernatants using a multiplex chemiluminescent protein array.  Tumor fibroblasts 

released at least 1.5-fold more VEGF-C than normal fibroblasts in 2/3 tumors, and at 

least 1.5-fold more VEGF-A than normal fibroblasts in 1/3 tumors.  Levels of VEGF-D 

and angiopoeitin-2 were below the limit of detection, and levels of the other factors were 

similar in supernatants of tumor and normal cells. Microarray analysis using total RNA 

from periungual fibroma showed about 4.27-fold increase in HGF and 5.7-fold increase 

in VEGF-C levels in TSC tumors compared to normal fibroblasts. To determine if TSC 

skin tumors overexpress HGF and VEGF-C, paired samples of TSC normal (n=8) and 

tumor fibroblasts (2 angiofibromas, 3 periungual fibromas. 3 forehead plaques) were 
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cultured in DMEM with 10% FBS for 24hr. HGF and VEGF-C protein levels were then 

measured in culture supernatants using ELISA and the results were normalized to the 

total cellular protein levels. TSC tumor fibroblasts released significantly higher levels of 

HGF (p=0.028) into the medium compared to TSC normal fibroblasts (Figures 14a). RT-

PCR for HGF in these paired normal and tumor fibroblasts did not show an induction of 

HGF mRNA (Figure 14b). The secretion of VEGF-C was also upregulated in the tumor 

fibroblasts than TSC normal fibroblasts (5800±3200 and 4400±2000 pg VEGF-C/mg 

total cellular protein, respectively) (Figure 15a). We also measured VEGF-C mRNA by 

RT-PCR in these paired normal and tumor fibroblasts (464 and 530 VEGF-C (pg)/18S 

rRNA (ng), respectively) and did not see an induction of VEGF-C content (Figure 15b). 

These results further confirm our preliminary studies that TSC2-null fibroblast-like cells 

secrete relatively higher levels of the lymphatic factors HGF and VEGF-C than TSC 

normal fibroblasts.  

VEGF-A in TSC skin tumors 

        Studies have linked the loss of TSC1/TSC2 gene expression to secretion of the 

angiogenic factor vascular endothelial growth factor, VEGF-A189. We investigated the 

possibility of a direct correlation between HIF-1α and VEGF-A levels in these tumors as 

increased expression of HIF-1α leads to activation of its target genes. We measured 

VEGF-A RNA levels in the fibroblast-like tumor cells grown from four AFs, three PFs, 

and normal fibroblasts from four patients using Affymetrix arrays. Unexpectedly, VEGF-

A levels did not reach the 2-fold cut off in the arrays (Figure 16a). We also tested the 

induction of VEGF-A by ELISA in the culture supernatants. The tumor fibroblasts did 
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not secrete more VEGF-A than normal fibroblasts, consistent with our array data (Figure 

16b). 

 

 

 
 

Figure 14. HGF expression in TSC skin tumors. Fibroblasts from eight pairs of 
normal-appearing skin and TSC tumors, including angiofibromas, periungual fibromas 
and forehead plaques were cultured in DMEM with 10%FBS for 24 hr. a) The 
supernatants were then collected for measurement of HGF production using ELISA. The 
results are normalized to the total cellular protein in the lysate (TCL). b) RT-PCR of HGF 
was performed in the RNA extracted from the eight paired fibroblasts.  Data are 
expressed as mean ± SD. (*, p<0.05).  
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Figure 15. VEGF-C expression in TSC skin tumors. Fibroblasts were cultured from 
eight pairs of TSC tumor and TSC normal tissue explants obtained from eight patients. a) 
ELISA quantification of VEGF-C levels were performed in culture supernatants of the 
eight paired fibroblasts. The results are normalized to the total cellular protein in the 
lysate. b) RT-PCR of VEGF-C was performed in the RNA extracted from the eight 
paired fibroblasts. Data are expressed as mean ± SD. (*, p<0.05).  
 

 

 

 

 

Figure 16. Expression levels of VEGF-A in TSC skin tumors. a) Gene expression of 
VEGFA in fibroblast-like cells grown from four angiofibromas (AF), three periungual 
fibromas (PF), and normal fibroblasts (Nl) from four patients analyzed by using 
Affymetrix GeneChips. b) Quantification of VEGF-A levels using ELISA was performed 
in culture supernatants of fifteen pairs of TSC tumor fibroblasts and TSC normal 
fibroblasts obtained from thirteen patients. The results are normalized to the total cellular 
protein in the lysates.  
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Part 3: b) Regulation of lymphangiogenic factor expression in TSC skin tumors. 

TSC2 knockdown increases HGF secretion in neonatal fibroblasts 

        Because HGF and VEGF-C are upregulated in TSC skin tumors, we wanted to 

determine whether TSC2 regulates expression of these lymphatic factors. A lentiviral 

approach was used to stably knockdown the expression of TSC2. Neonatal foreskin 

fibroblasts were transduced with virus particles carrying pGIPZ-lentiviral shRNAmir 

vector withTSC2 shRNA or with virus particles carrying a control construct containing a 

shRNA that recognizes no human sequence (shNT). Cells retaining the shRNA were 

selected with puromycin. The selected TSC2 shRNA and control shRNA transduced 

fibroblasts retained eGFP over several passages. The efficiency of silencing was 

determined by Western blot analysis. Transduction with TSC2 shRNA almost completely 

reduced the expression of TSC2 with an increase in phosphorylation of ribosomal protein 

S6 indicative of mTORC1 activation compared to control fibroblasts. Total S6 levels 

were unchanged in both control and TSC2 shRNA transduced fibroblasts (Figure 17). 
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Figure 17. Effect of TSC2 knockdown on TSC2 and phosphorylation of ribosomal 
protein S6 in neonatal fibroblasts. Western blots of TSC2, phosphorylated ribosomal 
protein S6 (pS6), total S6, and tubulin in neonatal foreskin fibroblasts transduced with 
viral particles carrying either a control shRNA vector or shTSC2 vector. Tubulin is used 
as a loading control. Similar results were obtained in duplicate transductions. 
Transduction performed by Dr.Thangapazham. 
 
 
        Neonatal fibroblasts transduced with the lentivirus carrying the shRNA directed 

against TSC2 released more HGF into culture supernatants than fibroblasts containing the 

control vector (Figure 18). In contrast, TSC2 knockdown did not alter the levels of 

VEGF-C secreted by neonatal fibroblasts (Figure 19). A similar pattern was observed 

with transient transfection of neonatal and adult fibroblasts with a siRNA construct 

specific to TSC2. Western blots showed about 50% TSC2 knockdown in both neonatal 

and adult fibroblasts with TSC2 siRNA but not with control siRNA. Knockdown of 

TSC2 was accompanied by an increase in pS6 expression as an indication of increased 

mTOR activation when compared to the controls. This downregulation of TSC2 was 

paralleled with an increase in HGF secretion in the culture supernatants of both neonatal 

and adult fibroblasts. However, there was no stimulatory effect on VEGF-C secretion 
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with TSC2 knockdown (data not shown). Together the in vitro TSC2 knockdown studies 

demonstrate that enhanced expression of HGF observed in these skin tumors is regulated 

in a TSC2-dependent mechanism. In contrast, it appears that VEGF-C levels in TSC 

tumor cells are regulated by some mechanism independent of TSC2 loss.  

 
 

 

 

 

Figure 18. Effect of TSC2 knockdown on HGF production. Culture supernatants were 
obtained from neonatal foreskin fibroblasts transduced with viral particles carrying either 
a control shRNA vector or shTSC2 vector cultured in serum-free DMEM for about 24hr. 
The supernatants were then analyzed for HGF production using ELISA. The results are 
normalized to the total cellular protein in the lysate. Data are expressed as mean ± SD of 
three separate experiments. (*, p<0.05).  
  



79 
 

 

 

 

 

Figure 19. Effect of TSC2 knockdown on VEGF-C production. Neonatal foreskin 
fibroblasts transduced with viral particles carrying either a control shRNA vector or 
shTSC2 vector were cultured in serum-free DMEM for about 24hr. The culture 
supernatants were then collected and analyzed for VEGF-C production using ELISA. The 
results are normalized to the total cellular protein in the lysate. Data are expressed as 
mean ± SD of three separate experiments. (*, p<0.05).  
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mTORC1-independent regulation of HGF and VEGF-C in TSC skin tumors 

         Our in vivo studies indicated dramatic anti-lymphangiogenic effects of rapamycin 

on TSC xenografts. To investigate the role of mTORC1 in regulating expression of the 

lymphangiogenic factors HGF and VEGF-C, we used rapamycin, one of the best studied 

inhibitors of mTORC1. Normal and tumor fibroblasts were incubated for 24 hr with 20 

nM rapamycin and levels of HGF and VEGF-C in culture supernatants were measured by 

ELISA. Tumor fibroblasts secreted higher levels of HGF and VEGF-C than normal 

fibroblasts. Rapamycin treatment did not affect levels of HGF released by the tumor cells 

(Figure 20). There was also no significant difference in VEGF-C release between 20 nM 

rapamycin treated and untreated normal and tumor fibroblasts (Figure 21). Thus, the 

levels of HGF and VEGF-C secreted by the TSC tumor fibroblasts were insensitive to 

rapamycin treatment. 
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Figure 20. Effect of rapamycin on HGF production. Culture supernatants were 
collected from TSC normal and tumor fibroblasts (2AFs, 3PFs and 3FPs) obtained from 
eight patients. HGF levels in the supernatants were measured in duplicate using ELISA 
after incubating equal number of cells for 24 hr in DMEM with or without rapamycin at 
20 nM. HGF concentration is normalized to the total cellular protein (TCL) and is 
reported as the mean ± SD.  
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Figure 21. Effect of rapamycin on VEGF-C production. Culture supernatants were 
collected from TSC normal and tumor fibroblasts (2AFs, 3PFs and 3FPs) obtained from 
eight patient biopsies. VEGF-C levels in the supernatants were measured in duplicates 
using ELISA after incubating equal number of cells for 24 hr in DMEM with or without 
rapamycin at 20 nM. The results are normalized to the total cellular protein (TCL) and is 
reported as the mean ± SD.  
 
 
 
Summary 3 

• TSC tumor fibroblasts overexpressed the lymphangiogenic factors HGF and  

VEGF-C 

• Knockdown of TSC2 increased HGF secretion 

• VEGF-C levels were unaffected by TSC2 knockdown 

• Rapamycin did not affect the secretion of either HGF or VEGF-C 
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Chapter 4: Discussion 

        Identification of the TSC genes associated with the development of TSC has 

accelerated basic research and improved our understanding of the pathogenesis of this 

disorder. The TSC1-TSC2 complex is mainly involved in regulating mTOR, a 

serine/threonine kinase which has central roles in cell size, growth, protein synthesis and 

transcription. TSC tumors exhibit hyperactivation of mTOR, which in cancers, has been 

associated with survival, growth, proliferation, angiogenesis, and migration of tumor 

cells. We sought to elucidate the biochemical and cellular mechanisms by which mTOR 

signaling contributes to increased growth and vascularity of TSC tumors, with the 

expectation that a better understanding of TSC pathogenesis would lead to new drug 

targets and more effective therapies. 

        TSC skin tumors range from being minimally troubling to disfiguring and painful 

lesions that dramatically impact patients’ quality of life. All of the patients in our study 

had at least one major skin lesion characteristic of TSC, including facial angiofibromas or 

forehead plaques, ungual fibromas, hypomelanotic macules and shagreen patches. Many 

of these patients had endured multiple surgeries that left permanent scarring and 

abnormal pigmentation. These limitations and disadvantages of surgical treatments have 

stimulated great interest in developing new medical treatments. The discovery of mTOR 

activation in TSC tumors prompted clinical trials of the mTOR inhibitor rapamycin.  This 

class of mTOR inhibitors is now the leading approach for the medical treatment of TSC 

tumors, and yet these drugs are only partially effective and have numerous side effects.  

By determining the effects of rapamycin on TSC tumors, we sought to identify new 

avenues to augment therapeutic effectiveness.  We found that angiogenesis and 
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lymphangiogenesis are major components of TSC tumors and important targets of 

rapamycin.  

TSC skin tumors are highly vascular  

        Angiogenesis is a complex process that is important for many physiological and 

pathological processes including embryogenesis, reproductive cycle and tumor growth 

and survival. Early evidence for angiogenesis in TSC skin tumors was obtained using 

routine histology.  The facial lesions in particular showed increased vessels and fibrosis 

and consequently were called angiofibromas. Our laboratory later showed that TSC skin 

tumors show greater numbers of vessels positive for CD31 than normal skin67. CD31 is 

platelet endothelial cell adhesion molecule-1 that serves as an indicator of angiogenesis in 

many tumors190. These results confirm and extend previous findings that TSC-associated 

lesions of the skin, brain and kidney show a high degree of neovascularization105.  

        Previous studies in the laboratory showed that not all vessels stain positive for 

CD34, a blood vessel endothelial cell marker180. This suggested the possibility that 

lymphatic vessels make up a significant proportion of the vasculature.  Indeed, earlier 

histological examination had suggested the presence of lymphatic vessels interspersed 

with blood vessels86. By staining for markers of lymphatic endothelial cells, we became 

the first to demonstrate increased lymphangiogenesis in these skin tumors. The lymphatic 

vessels in these TSC skin tumors were larger and denser than in patient normal-appearing 

skin. The magnitude of these changes was similar to those observed in malignant and 

metastatic melanomas191-193. The lymphatic vessel density observed in the normal skin 

from TSC patients was comparable to that obtained from normal volunteers194. Therefore, 
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angiogenesis and lymphangiogenesis can be characteristics of benign tumors and is not 

restricted to cancers with a propensity to metastasis. 

Biallelic TSC2 mutations are observed in fibroblast-like cells and not vessels. 

        The cellular heterogeneity of TSC skin tumors confounded efforts to determine 

which cell population, if any, showed loss of the wild type allele, in accordance with 

Knudson’s two-hit hypothesis. Earlier studies in this laboratory demonstrated that two-hit 

cells are present in the dermis and are not detected in the epidermal keratinocytes187. Here 

we show that fibroblast-like cells sustain two-hits in TSC skin tumors. Fibroblast-like 

cells from angiofibromas, periungual fibromas and forehead plaques showed low or 

undetectable levels of TSC2 with hyperphosphorylation of ribosomal protein S6 under 

serum-starved conditions. Biallelic mutations in TSC2 were demonstrated in fibroblast-

like cells from a forehead plaque and periungual fibroma67. Cells grown from 

angiofibromas and periungual fibromas have shown loss of heterozygosity (LOH) at the 

TSC2 locus (Wang and Darling, unpublished data). In contrast, there is no evidence for 

genetically altered blood vessels in TSC skin tumors, since LOH was not observed in 

microdissected endothelial cells (Wang and Darling, unpublished). Similar findings were 

obtained in renal angiomyolipomas; LOH was observed in smooth muscle cells, fat cells, 

and thickened vessel walls, but not in vascular endothelial cells195. Together, these results 

suggest that fibroblast-like cells in the dermis of TSC skin tumors orchestrate the 

formation of TSC skin tumors and induce angiogenesis and lymphangiogenesis. 
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TSC2-null fibroblast-like cells are the inciting cells for TSC skin tumor development  

        A number of animal models including rats and mice have been developed to study 

TSC tumors and the effect of drugs in vivo. These models develop tumors of the kidney, 

lungs, heart and brain196 but do not develop the characteristic skin lesions. To overcome 

this barrier to studying TSC skin tumorigenesis, we developed a novel xenograft model in 

which dermal-epidermal composites, composed of TSC2-null fibroblast-like cells 

overlaid with neonatal foreskin keratinocytes, were grafted onto nude mice. Tumor grafts 

with TSC2-null cells showed increased activation of mTORC1 compared to grafts with 

fibroblasts from patient normal-appearing skin (normal grafts). Tumor grafts also had 

larger and more numerous blood vessels than normal grafts. Tumor grafts contained 

larger and denser lymphatic vessels than normal grafts. Thus, tumor xenografts replicated 

features of TSC skin tumors and TSC2-null cells induced angiogenesis and 

lymphangiogenesis. Angiogenesis plays a crucial role in tumor growth and progression. 

Increased microvessel density is a prognostic tool for activated angiogenesis in a variety 

of cancers197 . The increased angiogenesis observed in the human TSC skin tumors could 

be recapitulated in the tumor xenografts suggesting a role for angiogenesis in the growth 

of TSC tumors. In LAM, lymphangiogenesis has been implicated in disease progression 

and dissemination181, 198. In TSC skin tumors it is possible that lymphatic vessels serve 

other functions to support tumor growth, for example by releasing paracrine growth 

factors or regulating tumor edema or inflammation. 

        Identification of the TSC2-null tumor cells as the inciting cells that convey signals 

to other cells for inducing angiogenesis and lymphangiogenesis is a major breakthrough 

in TSC skin tumor research. Studies focused on these cells would enable identification of 
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soluble factors and the signaling pathways that cooperate or synergize with each other in 

stimulating angiogenesis and lymphangiogenesis. This will lead to identification of drug 

targets, development of targeted therapies and better monitoring of responses to 

treatment.  

        Thus, these benign tumors provide a model of how tumor cells with mTOR 

activation may stimulate angiogenesis as well as lymphangiogenesis.  

Cells contributing to angiogenesis and lymphangiogenesis in TSC skin tumors 

        The induction of angiogenesis and lymphangiogenesis in tumor xenografts may 

occur as a direct response to TSC2-null cells or indirectly through the involvement of 

other cells types. Other cells with possible roles in vessel formation in TSC skin tumors 

include macrophages and epidermal cells, since they constitute a significant proportion of 

the cells. 

Mononuclear phagocytes 

        In cancer, the tumor microenvironment plays major roles in tumor growth and 

metastasis. Interaction between cancer cells and activated stromal cells, such as 

macrophages, lymphocytes, natural killer cells, fibroblasts and endothelial cells, plays 

prominent role in tumor cell-proliferation, migration, invasion and angiogenesis. TSC 

skin tumors contain increased numbers of mononuclear phagocytes, as detected by 

staining with CD68, a monocyte/dendritic cell marker. Cortical tubers of TSC also have 

increased numbers of CD68-positive cells199. In our xenograft model, tumor grafts 

showed greater numbers of mononuclear phagocytes than normal grafts. This is 

significant since the number of tumor-associated macrophages (TAMs) correlates with 

tumor vascularity and tumor progression in a number of cancers200. TAMs release diverse 
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factors that stimulate angiogenesis including growth factors such as VEGF, bFGF, EGF, 

and TGF-α, as well as tissue-degrading enzymes200. Furthermore, CD68-positive 

mononuclear phagocytes recruited into the tumor microenvironment may release 

lymphangiogenic factors. TAMs have been shown to stimulate lymphangiogenesis in 

other tumors by release of VEGF-C, VEGF-D201  and HGF202.  

        Earlier studies in our laboratory showed that TSC skin tumors overexpress the 

angiogenic factors MCP-1 and epiregulin186, 187. MCP-1 is a chemokine that stimulates 

angiogenesis directly and through recruitment of monocytes203 . Thus, MCP-1 produced 

from the tumor cells may attract the mononuclear phagocytes, which are pro-angiogenic 

and pro-lymphangiogenic, into the tumor microenvironment. These TAMs could be 

partly responsible for the increased vascularity of TSC skin tumors. 

Epidermal cells 

        Keratinocytes are major sources of VEGF production and are important players in 

wound angiogenesis204. They are also highly pro-angiogenic, secreting angiogenic factors 

such as VEGF, IL-8, TNF-α in a psoriatic skin lesion205, 206. TSC skin tumors show 

increased keratinocyte proliferation, as detected by staining with Ki-67. One of the 

characteristic features of TSC skin tumors is increased epidermal thickness87  and the 

increased keratinocyte proliferation observed in these TSC skin tumors correlates with 

the increased thickness of the overlying epidermis. Proliferation of epidermis was 

observed in angiofibroma and periungual fibroma lesions187. Hyperplasia of the overlying 

epidermis was also observed in the tumor grafts in comparison to the normal grafts. 

Previous studies in the laboratory have shown that the TSC tumor cells overexpress the 

angiogenic factor epiregulin. Epiregulin is an EGF family member and EGFR signaling 
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has been implicated in tumor angiogenesis187. In vitro and in vivo studies have shown that 

epiregulin stimulates epidermal cell proliferation and thickness207, 208. So the TSC tumor 

cells might induce overgrowth of the epidermal keratinocytes resulting in continued 

expression of angiogenic factors that stimulates TSC tumor growth.  

        The increased epidermal proliferation was also associated with induction of hair 

follicles only in the tumor grafts. Thus, the TSC2-null cells contribute to the disorganized 

overgrowth of the overlying epidermis and also induce follicular neogenesis.  

Rapamycin as a therapeutic agent for TSC skin tumors 

        Studies of TSC2-null fibroblast-like cells incubated with rapamycin demonstrated 

that rapamycin reduced mTORC1 activation and cell proliferation in vitro, but studies 

using the xenograft model were necessary to determine in vivo response of TSC2-cells 

within a representative tumor microenvironment. In both tumor and normal grafts, 

rapamycin inhibited mTORC1 signaling, as indicated by decreased phosphorylation of 

ribosomal protein S6. Tumor grafts also showed decreased numbers of TSC2-null cells 

and mononuclear phagocytes, and decreased epidermal proliferation. Angiogenesis in 

tumor grafts was significantly decreased by rapamycin, without any effect on the blood 

vessels in normal grafts. These results suggest that the decreased redness and size of TSC 

skin lesions observed in patients receiving systemic78 or topical209 rapamycin may result 

from both anti-tumor cell effects and anti-angiogenic effects. Rapamycin has been shown 

to decrease VEGF-A overexpressed by Tsc2-/- mouse embryonic fibroblasts210. Thus, the 

anti-angiogenic effects of rapamycin may be due to direct inhibition of vascular 

endothelium and/or indirect effects, such as diminished release of angiogenic factors by 

TSC2-null cells or recruitment of proangiogenic mononuclear cells. 



90 
 

        Rapamycin markedly reduced the number and size of the lymphatic vessels in both 

normal and tumor grafts. The effects of rapamycin on lymphatic vessels differed from its 

effects on blood vessels, since rapamycin decreased lymphangiogenesis in both tumor 

and normal grafts, whereas angiogenesis was decreased only in tumor grafts. This may 

indicate that rapamycin broadly inhibits lymphangiogenesis but selectively inhibits 

tumor-cell specific aspects of angiogenesis. Macrophages are also actively involved in 

lymphangiogenesis by secreting lymphatic factors VEGF-C and VEGF-D. Rapamycin 

analog everolimus has been shown to decrease macrophage recruitment and accumulation 

in carotid lesions211. It has been shown that rapamycin at concentrations as low as 1 

ng/ml inhibits the in vitro proliferation and migration of human dermal lymphatic 

endothelial cells in response to VEGF-C212 and also inhibits VEGF-C expression in 

pancreatic tumor cells188. Thus, the anti-lymphangiogenic effects of rapamycin in TSC 

skin tumors may be due to its direct effects on the LECs or indirectly by blocking 

expression of the soluble factors by tumor cells and decreasing infiltration of 

mononuclear phagocytes.  

        Rapamycin thus exerts its anti-angiogenic, anti-lymphangiogenic and anti-tumor 

effects in the TSC xenograft model. However, it did not eradicate all the tumor cells. This 

cytostatic effect of rapamycin on the tumor cells could account for the need for 

continuous treatment without which the tumors reoccur. The mechanism of action of 

rapamycin in these tumors could be due to shut down of the tumor blood and lymphatic 

vessels, which in turn decreases tumor growth, and also due to a direct anti-proliferative 

effect on the tumor cells. 
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Angiogenic and lymphangiogenic factors in TSC skin tumors 

        The foregoing studies demonstrated that TSC2-null cells induce angiogenesis and 

lymphangiogenesis, and suggested that the mechanism is at least partly through direct 

effects of the tumor cells on the vascular endothelium. We used genomic and proteomic 

screens to identify candidate angiogenic and lymphangiogenic factors, including VEGF-

A, Angiopoietin 2, FGF, HGF, VEGF-C, VEGF-D and PDGFbb. These identified 

VEGF-A, VEGF-C, and HGF as candidate factors. 

        VEGF-A is a major angiogenic factor, and loss of TSC1/TSC2 function has been 

associated with increased production of VEGF-A189, 210.  In spite of these skin tumors 

being highly vascular and angiogenic, we found that VEGF-A mRNA and protein levels 

were not consistently or significantly higher in the tumor fibroblasts than TSC normal 

fibroblasts.  Other angiogenic factors may be important, and previous studies in our 

laboratory showed that TSC skin tumors overexpressed the angiogenic factors MCP-1 

and epiregulin186, 187. As mentioned earlier, MCP-1 and epiregulin may induce 

angiogenesis indirectly, through effects on macrophages and epidermal cells, 

respectively.  They also may directly stimulate angiogenesis. MCP-1 induced endothelial 

cell sprouting and migration in cells of different origin including HUVEC and 

HMECs203. Epiregulin induced neovasculature of breast cancer cells by promoting 

assembly of dilated, tortuous and leaky tumor blood vessels213.  

        A possible mechanism for lymphangiogenesis in TSC skin tumors is increased 

release of lymphangiogenic factors by tumor cells, since TSC2-null cells produced more 

HGF and VEGF-C than normal fibroblasts. HGF and VEGF-C have been shown to 

directly promote proliferation, migration and survival of lymphatic endothelial cells. 
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Recently, HGF and VEGF-C have been reported to play a role in the pathogenesis of 

cortical tubers. Enhanced expression of HGF and c-met was shown in human SEGAs and 

cortical tubers and also in a TSC1 conditional knockout mouse cortex (TSC1 (GFAP) 

CKO) mouse214. An upregulation of VEGF-C and VEGFR3 was also found in the cortical 

tubers of TSC215  and pulmonary and extrapulmonary lung lesions181. The severity of 

pulmonary LAM correlates with the levels of VEGF-C expression181. 

        Therefore TSC2-null tumor cells can secrete angiogenic and lymphangiogenic 

factors that directly stimulate the growth of blood and lymphatic vessels, thereby 

inducing TSC tumor growth. These results show that the interaction between the 

fibroblast-like tumor cells and the endothelial cells might be an important aspect of TSC 

tumor growth and proliferation. The soluble factors identified may be potential 

therapeutic targets leading to effective treatment for TSC and other similar human 

pathologies.  

HIF-1α might contribute to tumor growth in TSC skin tumors 

        Normal skin is generally mildly hypoxic with oxygen levels between 1.5% - 5%. 

Mild hypoxia stimulates growth and expression of angiogenic factors through HIF116. The 

effects of hypoxia on TSC tumor growth, by regulating angiogenic and lymphangiogenic 

factors, are not well elucidated. We observed that TSC tumor fibroblasts show high basal 

levels of HIF-1α, which remained persistent under prolonged hypoxia. The high HIF-1α 

levels also correlated with sustained activation of mTOR under hypoxia. Abnormal 

accumulation of HIF-1α, with an increase in phosphorylation of S6, has been shown in 

TSC2-deficient MEFs216. mTOR exerts a positive feedback by acting upstream of HIF-1α 

and enhances its stability and function217. Our data indicate TSC2-null tumor fibroblasts 
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that have high mTOR activation also have high HIF-1α expression through a positive 

feedback mechanism. The high levels of HIF-1α could account for the highly vascular 

nature of these tumors as tumors with high mTOR activity are highly vascularized189, 218. 

        Hypoxic activation of HIF-1α triggers the expression of angiogenic factors including 

VEGF-A. Elevated VEGF-A levels have been associated with poor prognosis and 

response to treatment219. There was no positive correlation between HIF-1α and VEGF-A 

levels in these skin tumors. HIF-1α independent regulation of VEGF-A has been reported 

in colon cancer220. VEGF-A has also been shown to be regulated by other signaling 

pathways including Wnt and K-ras221.  

        HIF-1α could also induce angiogenesis and lymphangiogenesis by upregulating 

other soluble factors such as MCP-1186, 222, VEGF-C and HGF. HIF-1α indirectly 

activates HGF by activating its target gene, hepatocyte growth factor activator (HGFA). 

HGFA is a serine protease that converts pro-HGF into its mature form223. Hypoxia has 

been reported to increase the transcripts encoding VEGF-C, VEGF-D and VEGFR3 in 

venous endothelial cells224. A correlation between HIF-1α, and VEGF-C and lymph node 

metastasis was observed in human esophageal cancer and breast cancers, suggesting a 

regulatory role of HIF-1α in tumor lymphangiogenesis225, 226  

        Hypoxia was also shown to recruit macrophages to stimulate tumor progression227. 

TAMs accumulate in highly hypoxic regions and express HIF-1α. HIF-1α knockout 

studies showed that HIF-1α is indispensable for the TAMs to exert their angiogenic 

properties228. Thus, hypoxia by inducing HIF-1α, which triggers expression of soluble 

factors, and recruiting macrophages might play an important role in TSC tumor growth.  
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Regulation of the lymphangiogenic factors HGF and VEGF-C 

        To explore the relationship between loss of TSC2 and the production of HGF and 

VEGF-C, we knocked down TSC2 using siRNA and, in separate experiments, shRNA. 

Knockdown of TSC2 in neonatal fibroblasts stimulated production of HGF but did not 

increase VEGF-C production. This suggests that HGF is regulated in a TSC2-dependent 

manner while regulation of VEGF-C is by TSC2-independent mechanisms. The 

difference in VEGF-C expression in our experiments between TSC2-null and TSC2 

knockdown fibroblasts may be due to differences in cell type, anatomical location of the 

fibroblasts, or insufficient knockdown of TSC2. A number of other mechanisms have 

been reported to upregulate VEGF-C including microenvironment stress like 

hyperthermia and oxidative stress229, heparanase in a xenograft model of head and neck 

cancers230, and proinflammatory cytokines IL-1β and TNF-α231, 232. Preliminary studies in 

the laboratory indicate increased expression of COX-2 by TSC tumor cells, and TNF-α 

also increased secretion of VEGF-C (unpublished data).  

        Rapamycin did not significantly affect HGF or VEGF-C production by TSC2-null 

skin tumor cells. This suggests that upregulation of these factors in TSC2-null cells is by 

a mechanism independent of mTORC1 activity. One possible mechanism could be that 

secretion of these factors by the TSC2-null cells is regulated in a mTORC2-dependent 

manner. Either a prolonged treatment with rapamycin or an inhibitor of both mTORC1 

and mTORC2 might downregulate the expression of HGF and VEGF-C. Although 

mTOR is the major signaling pathway in TSC2-null cells, rapamycin-insensitive, 

mTORC1-independent effects on gene expression have already been reported. VEGF 

upregulation observed in TSC2-/- MEFs was only partially downregulated with 
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rapamycin, even at concentrations sufficient to inhibit mTOR210. A similar pattern was 

observed in a TSC2- null AML cell line where upregulation of several genes including 

MMP-2 was not affected by rapamycin233.  

        There are several potential explanations for the marked anti-lymphangiogenic 

effects of rapamycin on xenografts despite having no effects on the production of 

lymphangiogenic factors. Rapamycin decreased the number of tumor cells in xenografts, 

which presumably decreased the total amount of lymphangiogenic factors produced. In 

addition, rapamycin decreased the numbers of CD68-positive macrophages in tumor 

xenografts, which is expected to block macrophage-stimulated lymphangiogenesis. The 

most powerful effects of lymphangiogenesis may be through direct effects on the 

lymphatic endothelium and by recruitment of pro-lymphangiogenic mononuclear 

phagocytes. 

        The observations that HGF and VEGF-C are regulated by mechanisms that are 

rapamycin-insensitive indicate the need for further studies to identify means of blocking 

production of the lymphangiogenic factors. The current medical treatments for TSC 

tumors are directed solely at inhibiting mTORC1. However our results emphasize the 

need to focus on mTORC1-independent pathways, which might be equally important for 

TSC pathogenesis. 

A model for angiogenesis and lymphangiogenesis in TSC skin tumors 

                Based on the above studies, we propose a model for increased angiogenesis and 

lymphangiogenesis in TSC skin tumors, which involves TSC2-null tumor cells, TAMs 

and keratinocytes (Figure 22). This model highlights the importance of paracrine factors 
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and the tumor microenvironment for induction of angiogenesis and lymphangiogenesis in 

TSC tumors, and provides new potential targets for therapeutic intervention. 

 

 

Figure 22. Model for angiogenesis and lymphangiogenesis in TSC skin tumors. 
TSC2-null tumor cells induce angiogenesis and lymphangiogenesis by a) secreting 
soluble factors namely VEGF-A, VEGF-C and HGF, b) producing the angiogenic factor 
MCP-1 that acts as a chemoattractant and recruits  mononuclear phagocytes, which in 
turn  release  soluble factors including VEGF-A, VEGF-C and HGF thereby stimulating 
both angiogenesis and lymphangiogenesis, c) secreting epiregulin, a EGF growth factor 
that stimulates proliferation of keratinocytes, which further induces angiogenesis by 
secreting the major angiogenic factor VEGF-A, d) abnormal responses to hypoxia, which 
induces  tumor fibroblasts to express hypoxia inducible factor, HIF-1α, which triggers 
expression of the genes VEGF-A, HGF, VEGF-C and can also recruit TAMs, leading to 
angiogenesis and lymphangiogenesis.  
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Targeting angiogenesis and lymphangiogenesis in TSC skin tumors 

        Studies have shown the importance of angiogenesis for tumor growth, without 

which tumors are unable to grow more than 2mm in diameter234-236. Rapamycin 

dramatically inhibits neoangiogenesis and lymphangiogenesis in TSC skin tumor 

xenografts, but does not completely eradicate the tumor cells. This cytostatic effect of 

rapamycin on tumor cells, the ability of tumors to regrow in patients when rapamycin is 

discontinued and the potential adverse effects of rapamycin suggests the inadequacy of 

rapamycin treatment alone and the need for finding better treatment strategies including 

combination therapies.  

        A number of anti-angiogenic and anti-lymphangiogenic therapies are already being 

developed and tested clinically. The strategy includes either directly targeting the 

endothelial receptors or indirectly by neutralizing the functions of soluble factors. 

Potential therapies found to be effective in animal models include soluble versions of cell 

surface receptors VEGFR-1, VEGFR-2, and VEGFR-3, monoclonal antibodies to the 

soluble factors including VEGF-A, VEGF-D, MCP-1, and HGF and small molecular 

inhibitors of tyrosine kinase receptors or downstream signaling molecules. One of the 

monoclonal antibodies that is FDA approved as an anti-angiogenic therapy to treat 

patients with metastatic colorectal cancer is Bevacizumab. Small molecule tyrosine 

kinase inhibitors that block both VEGFR-3 and VEGFR-2 are under evaluation in clinical 

trials as anti-cancer therapeutics237. The experimental and clinicopathological studies 

show that the VEGF signaling pathway may be a promising target and justifies its testing 

in the clinic.  
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        In conclusion, TSC2-null fibroblast-like cells induce features characteristic of TSC 

skin tumors including angiogenesis and lymphangiogenesis. The TSC2-null fibroblast-

like cells exhibit mTOR activation with increased HIF-1α expression and produce many 

soluble factors including HGF, VEGF-C, MCP-1 and epiregulin. Angiogenesis and 

lymphangiogenesis are commonly linked with metastasis of various cancers238, 239 and 

this benign skin tumor model provides an opportunity to elucidate additional roles of 

blood vessels and lymphatics in tumors with mTOR activation, such as responses to 

therapies. Identifying angiogenic and lymphangiogenic factors and their mechanisms 

would have a great impact on understanding TSC tumor growth. Rapamycin blocked 

angiogenesis and lymphangiogenesis in the xenografts, without being cytotoxic to the 

tumor cells. Therefore, combination therapies using chemotherapeutic agents along with 

anti-angiogenic and anti-lymphangiogenic agents may prove to be a more effective 

method of treatment of TSC tumors and cancer in general.  
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